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Abstract 
Fibre Bragg gratings have been investigated for their sensing of environmental 
parameters, including temperature, humidity, axial strain, bending and flow rate. The 
changes in different environmental parameters result in monotonous spectrum shift of the 
fibre Bragg gratings. The sensitivities of acrylate-coating fibre Bragg grating on 
temperature, axial strain and flow rate are 0.0102 nmlC, 0.732 pm/Jls and 0.0092 
nmlcmV1, respectively. The sensitivities of polyimide-coating fibre Bragg grating on 
temperature, humidity and axial strain are 0.0094 nm/°C, 2.60 pm/%RH and 0.99 pm/Jls, 
respectively. The experimental results on the polarization characterization indicate that 
the maximum polarization dependent loss of a single mode polyimide-coated fibre Bragg 
grating and the Bragg wavelengths corresponding to the fast-axis mode and slow-axis 
mode of a polarization maintaining fibre Bragg grating will increase with the rising 
temperature. 
We propose and demonstrate for the first time that a new multiplexed fibre Bragg 
grating sensor system is capable of achieving simultaneous measurement of different 
measurands. The multiplexed sensor system, which consists of two fibre Bragg gratings 
with different coating materials of acrylate and polyimide, exhibits distinguishable 
characteristics to different measurands owing to the unique hygroscopic and swelling 
properties of the polyimide coating. Experimental results on the simultaneous 
measurement of temperature and saccharinity/salinity indicated corresponding 
sensitivities of 0.0102 nm/°C and 0.0012 nm/0Bx I 0.0038 nm/%. Simultaneous 
measurement of temperature and axial strain has also been achieved. 
The results achieved in this thesis are promising for applications on multi-
measurand, quasi-distributed and in-situ sensing measurement using multiplexed FBG 
sensors. 
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Cha ter 1 1 
Chapter 1 
Fibre Bragg Gratings 
1.1 Introduction 
With the increasing interests in the studies of all-fibre systems, fibre Bragg gratings 
(FBGs) have received considerable attention recently. A FBG is a type of distributed 
Bragg reflector constructed in a short segment of optical fibre that reflects specific 
wavelengths of light and transmits all the other components. Photosensitivity 
phenomenon m optical fibres was first observed by the interference between 
counter-propagating waves inside the fibre core in 1978 [ 1]. The first FBG was imprinted 
in Ge-doped silica single mode fibre by transverse coherent 244 nm UV beams produced 
by a tunable excimer-pumped dye laser with a frequency-doubled crystal [2]. Since then, 
FBGs have been revolutionizing telecommunication and impacting the optical fibre 
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sensor field due to their unique advantages and versatility as in-fibre devices. Nowadays 
FBGs have become important components in a variety of lightwave communication 
applications such as fibre laser [3, 4], fibre amplifier [5], fibre Bragg filter [6-9], the 
wavelength division multiplexers/demultiplexers [10, 11], and dispersion compensation 
[12]. Meanwhile FBGs have been considered as excellent sensor elements which are 
suitable for measuring many environmental parameters, including temperature and strain 
[13], torsion and bending [14], refractive index [15], pressure [16], current [17] and 
solution concentration [ 18]. 
In this chapter, basic physical properties of FBGs will be discussed as well as their 
fabrication techniques. A mathematical model will be used to simulate the spectral 
properties of FBGs. Applications of FBGs for sensing environmental parameters will be 
reviewed. 
1.2 Properties of Fibre Bragg Grating 
1.2.1 Optical Properties 
A FBG consists of a periodic modulation of the refractive index in the core of an optical 
fibre. The phase fronts of this type of fibre gratings are perpendicular to the fibre 
longitudinal axis and the grating planes are of a constant period (Fig. 1-1 ). Light guided 
along the core of an optical fibre will be scattered by each grating plane. If the Bragg 
condition ( 2A sin() = nA. , A, the spacing between the grating planes; (), the angle 
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between the incident ray and the scattering planes; n is an integer; -1 , light wavelength) 
is not satisfied, the reflected light from each of the subsequent planes becomes 
progressively out of phase and will eventually cancel out. When the Bragg condition is 
satisfied, the contributions of reflected light from each grating plane add constructively in 
the backward direction to form a back-reflected peak with a centre wavelength defined by 
the grating parameters, which is usually referred to as Bragg wavelength. 
II 
1 
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o:: :::::::::::::·.·:.:·.:·:.::·.·.·.:~:·:.:::::·.:·.~.·.-.·.:·.·.:·::.:::::·.'.'.TIIUU.lTIIIf[.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'~.·.-.·.::·.'.'.'.:·.'.'.'.:·:.:·.::::·:.:·.:::·.:·:~.:D 
\J \) 
Input 
epeotrum 
Wavelength 
lr 
1\ It 
mfinu 
Index Modulation 
Reflected 
algnal 
Wavelength 
Figure 1-1 : Illustration of a uniform fibre Bragg grating. 
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The Bragg grating condition is simply the requirement to satisfy both energy and 
momentum conservation. Energy conservation ( nco1 = nwi) requires that the frequencies 
of the incident radiation and the reflected radiation should be the same. Momentum 
conservation requires that the incident wave vector, k;, plus the grating wave vector, K, 
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equal the wave vector of the scattered radiation k1 , which can be simply expressed as 
(1-1) 
where the grating wave vector K has a direction nom1al to the grating plane with a 
magnitude 2%_ , A is the grating spacing as shown in Fig. 1-1. 
The diffracted wave vector is equal in magnitude but opposite in direction to the 
incident wave vector. Hence, the momentum conservation condition becomes 
(1-2) 
which simplifies to the first-order Bragg condition 
(1-3) 
where the Bragg grating wavelength, As , is the free-space centre wavelength of the input 
light that will be back-reflected from the Bragg grating, and neff is the effective 
refractive index of the fibre core at the free-space centre wavelength. 
Consider a uniform FBG formed within the core of an optical fibre with an average 
refractive index n0 • The refractive index profile can be expressed as [19] 
(1-4) 
where 11n is the amplitude of the induced refractive index perturbation, and x is the 
distance along the fibre longitudinal axis. The reflectivity of a grating with constant 
modulation amplitude and period is given by the following expression [19]: 
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(1-5) 
where R ( l, A) is the reflectivity which is a function of the grating length l, and 
wavelength A ; n ts the coupling coefficient; ~k = k -/i is the detuning wave 
t k - 2Tfnno / • th t• t d I r. ry Ak2 Th 1· vee or; - 1A ts e propaga ton cons ant; an s ='\J~:ot.- -L_! • e coup mg 
coefficient n for the sinusoidal variation of index perturbation along the fibre axis is 
given by 
n = _tr~_n_17_,_( V--'-) 
A 
(1-6) 
where 77(V) is a function of the normalized frequency V of the fibre that represents 
the fraction of the fibre mode power contained in the core, 17 ( V) ~ 1-v-z . The 
normalized frequency V can be expressed as [19] 
- (2trl) ( 2 2 ) 112 V- I A a nco -nct (1-7) 
where a is the core radius, nco and net are refractive indices of the core and cladding, 
respectively. 
At the Bragg grating centre wavelength, there is no wave-vector detuning and 
~k = 0, therefore, the expression for the reflectivity becomes 
R(l,A) = tanh2 (nt). (1-8) 
The reflectivity increases as the change in the induced index of refraction increases. 
Similarly, as the length of the grating increases so does the resultant reflectivity. A 
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simulated reflection spectrum as a function of the wavelength detuning is shown in Fig. 
1-2. The side lobes of the resonance are due to multiple reflections to and from opposite 
ends of the grating region. 
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Figure 1-2: Simulation of reflection spectrum of a Bragg grating 
as a function of wavelength detuning. 
Bragg gratings written in a highly photosensitive fibre exhibit a pronounced 
transmission feature on the short-wavelength side of the Bragg peak (Fig. 1-3). This 
feature is only observable in the transmission spectrum and only the main peak is visible 
in the reflection spectrum. Accordingly this structure must be due to the light leaving the 
fibre from the side. Radiation-mode coupling as a loss mechanism on core-mode 
transmission has been suggested to explain this phenomenon [20, 21]. For the cylindrical 
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cladding-air interface, the transmission spectrum of the Bragg grating consists of multiple 
sharp peaks that modulate the radiation-mode coupling. The light energy in the grating 
will be coupled to other modes at shorter wavelengths: some will be reflected or absorbed, 
and others will be radiated away from the fibre. These interactions are seen as a series of 
many transmission dips in the spectrum at wavelengths that are shorter than the Bragg 
wavelength. 
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Figure 1-3: Transmission spectrum of a strong fibre Bragg grating 
exhibiting loss to radiation modes on the short-wavelength side. 
1.2.2 Photosensitivity and Fabrication Techniques 
Photosensitivity in optical fibre refers to a permanent change in the index of refraction of 
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the fibre core when exposed to light with characteristic wavelength and intensity that 
depends on the core material. Photosensitivity in optical fibres has significant importance, 
which has resulted in a new class of in-fibre phase structures, such as FBGs. 
The first observation of index of refraction changes was noticed in gennanosilica 
fibres and was reported by Hill et al. [1, 22] in 1978. They described a permanent grating 
written in the core of the fibres by an argon ion laser line at 488 nm launched into the 
fibre. This particular grating had a very weak index modulation, which was estimated to 
be of the order of 1 o-6 resulting in a narrow-band reflection filter at the writing 
wavelength. In 1989, Meltz et al. [2] showed that a strong index of refraction change 
occurred when a germanium-doped fibre was exposed to UV light close to the absorption 
peak of a germania-related defect at a wavelength range of 240--250 nm in 1989. In 
recent years, direct optical inscription of high quality gratings into the core of optical 
fibres has been achieved by various techniques, three of the most useful being the 
interferometric technique, phase mask technique, and point-by-point exposure to 
ultraviolet laser light. 
Bragg gratings have been written in many types of optical fibres using various 
methods. However, the mechanism of index change is not fully understood. Several 
models have been proposed for these photoinduced refractive-index changes, for instance, 
the color centre model [23, 24], the dipole model [25], the compaction model [26], the 
stress-relief model [27-29]. The only common elements in these theories are that the 
germanium-oxygen vacancy defects, Ge-Si or Ge-Ge, are responsible for the 
photoinduced index changes. 
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Photosensitivity of optical fibres can be thought of as a measure of the amount of 
refractive index change in a fibre core. It is desirable to fabricate photoinduced devices in 
standard optical fibres for compatibility with existing systems, however, the standard 
single mode telecommunication fibres, doped with 3% germania, typically display weak 
index changes of 10-5, far below the demand of the order of 10-4. Hydrogen loading 
(hydrogenation) [30-32], flame brushing [33], boron co-doping [34, 35], and short 
wavelength light source [36, 37] have been used for enhancing the photosensitivity in 
silica optical fibres. 
Different FBG fabrication techniques can be classified as internal inscription and 
external inscription techniques. Bragg gratings were first fabricated using the internally 
writing technique [1, 22]. These techniques adopt relatively simple experimental setup, 
however, these gratings are limited to operate at a Bragg wavelength coinciding with the 
excitation laser wavelength. Nowadays the internal inscription technique has been 
superseded by the external inscription technique due to the intrinsic limitation of 
internally written gratings. There are three main externally written fabrication techniques: 
the interferometric technique, the phase mask technique, and the point-by-point 
technique. 
The interferometric fabrication technique, the first external writing technique of 
forming Bragg gratings in photosensitive fibres, was demonstrated by Meltz et al. [2], 
who utilized an interferometer that split the incoming UV light into two beams and then 
recombined them to form an interference pattern. The interference pattern was used to 
expose a photosensitive fibre, inducing a refractive index modulation in the core. Fibre 
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Bragg gratings have been fabricated using both the amplitude-splitting and the 
wave-front-splitting interferometers. 
One of the most effective methods for inscribing Bragg gratings in photosensitive 
fibre is the phase-mask technique [38, 39]. This method employs a diffractive optical 
element (phase mask) to spatially modulate the UV writing beam. The phase-mask 
grating has a one-dimension surface-relief structure fabricated in a high-quality fused 
silica flat transparent to the UV writing beam. The profile of the periodic gratings is 
chosen such that, when an UV beam is incident on the phase mask, the zero-order 
diffracted beam is suppressed to less than a few percent of the transmitted power. In 
addition, the diffracted plus and minus first orders are maximized to contain, typically, 
more than 35% of the transmitted power. A near-field fringe pattern is produced by the 
interference of the plus and minus first-order diffracted beams. The period of the fringes 
is one-half that of the mask. The interference pattern photoimprints a refractive-index 
modulation in the core of a photosensitive optical fibre placed in contact with or in close 
proximity immediately behind the phase mask. A cylindrical lens may be used to focus 
the fringe pattern along the fibre core. The phase mask greatly reduces the complexity of 
the fibre grating fabrication system. The simplicity of using only one phase mask 
provides a robust and an inherently stable method for reproducing FBGs. 
The point-by-point technique [ 40] for fabricating Bragg gratings is accomplished by 
inducing a change in the index of refraction a step at a time along the core of the fibre. 
Each grating plane is produced separately by a focused single pulse from an excimer laser. 
A single pulse of UV light from an excimer laser passes through a mask containing a slit. 
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A focusing lens images the slit onto the core of the optical fibre from the side and the 
refractive index of the core in the irradiated fibre section increases locally. The fibre is 
then translated through a distance A corresponding to the grating pitch in a direction 
parallel to the fibre axis and the process is repeated to fonn the grating stmcture in the 
fibre core. Essential to the point-by-point fabrication technique is a very stable and 
precise submicron translational system. The main advantage of the point-by-point writing 
technique lies in its flexibility to alter the Bragg grating parameters. The disadvantage of 
the point-by-point technique is that it is a tedious process. Because it is a step-by-step 
procedure, this method requires a relatively long process time. Errors in the grating 
spacing due to thennal effects and/or small variations in the fibre's strain can occur. This 
limits the gratings to a very short length. 
According to the different grating pitch or tilt, fibre Bragg gratings can be classified 
into the common Bragg reflector, the blazed Bragg grating, and the chirped Bragg grating. 
The simplest and most used FBG is the Bragg reflector, which has a constant pitch. A 
typical spectral response of a uniform period is shown in Fig. 1-4. The Bragg reflector 
can function as a narrowband transmission or reflection filter and sensor applications 
[ 41-44]. The blazed grating has phase fronts tilted with respect to the fibre axis. The 
applications of blazed gratings are in mode conversion [ 45] and sensing field [ 15, 46]. 
The chirped grating has an aperiodic pitch, displaying a monotonic increase in the 
spacing between grating planes. The applications of the chirped Bragg gratings are for 
dispersion compensation in high-bit-rate transmission systems [ 4 7, 48] and sensing 
elements [ 49-52]. 
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Figure 1-4: Simulated typical spectral response of a Bragg reflector with a uniform period. 
1.3 Mathematical Models of Fibre Bragg Gratings 
In order to gain a better understanding of Bragg gratings, it is very important to have a 
qualitative picture of the basic interactions between light and grating [53]. Since a fibre 
grating is simply an optical diffraction grating, its effect upon a light wave incident on the 
grating at an angle can be described by the grating equation [54] 
·n ·n A. ns1nu2 =ns1nu1 +rn-A 
(1-9) 
where 82 is the angle of the diffracted wave and the integer m determines the diffraction 
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order (Fig. 1-5). Equation (1-9) determines the directions into which constructive 
interference occurs. 
n 
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Figure 1-5: The diffraction of a light wave by a grating. 
Figure 1-6 illustrates a simple Bragg grating in which light energy is coupled from a 
mode incident at a bounce angle of 81 into the same mode traveling in the opposite 
direction at an angle 82 = -81 • Using nco and ncl to denote the core and cladding 
refractive indices respectively, we can rewrite Eqn. (1-9) above in terms of the mode 
propagation constant f3 = ( 2;r I /L) neff where neff =nco sin 8 as: 
(1-10) 
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Figure 1-6: Illustration of core-mode Bragg reflection by a fibre Bragg grating. 
Considering the dominant first-order diffraction in the fibre grating for which 
m = -1 , and realizing that /32 < 0 , we determine that the resonant wavelength condition 
for reflection of a mode of index neJJ',l into a mode of index neJJ,z is: 
A, = (neff,! + n eff,z) A . (1-11) 
If the two models are identical, the Bragg reflection condition becomes 
(1-12) 
Coupled-mode theory is a straightforward and powerful tool for analyzing the 
diffraction efficiency and spectral dependence of fibre gratings [55, 56]. Coupled-mode 
theory can accurately models the optical properties of most fibre gratings [53]. 
For simplicity, we assume that the perturbation to the effective refractive index neff 
of the guided mode(s) can be described by [53] 
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(1-13) 
where Oneff is the "DC" index change spatially averaged over a grating period, v is the 
fringe visibility of the index change, A is the nominal period, and ¢ ( z) describes 
grating chirp. 
By using the ideal-mode approximation in the coupled-mode theory, we assume that 
the transverse component of the electric field can be written as a superposition of the 
ideal modes labeled, such that 
E1 ( x,y,z,t) = 2:[ A1 ( z) exp(iB1z) + B1 ( z) exp( -iB1z) } 1, ( x,y) exp(-i@t) (1-14) 
j 
where A1 ( z) and B1 ( z) are slowly varying amplitudes ofthejth mode traveling in the 
+z and -z directions, respectively. The transverse mode field e11 ( x, y) describes the 
bound core or radiation LP modes or cladding modes. While the modes are orthogonal in 
an ideal waveguide and hence, do not exchange energy, the presence of a dielectric 
perturbation causes the modes to be coupled such that the amplitudes A1 and B1 of the 
jth mode evolve along the z axis according to 
where K~ is the transverse coupling coefficient between modes j and k given by 
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(1-17) 
where !l.& 1s the perturbation to the permittivity, !l.& ~ 2non . The longitudinal 
coefficient K~ ts analogous to K~ , and the longitudinal coefficient 1s usually 
neglected. 
In most fibre gratings the induced index change on ( x, y, z) is approximately 
uniform across the core and nonexistent outside the core. We can thus describe the core 
index by an expression similar to Eqn. ( 1-13 ), but with oneff ( z) replaced by onco ( z) . 
If we define two new coefficients 
CT l;i ( Z) = CO~ co onco ( Z) If dxdy( X,y,z pkt ( X,y )e;t ( X,y) 
core 
kl;i ( Z) = ~ CT l;i ( Z) 
2 
(1-18) 
(1-19) 
where CT is a "DC" (period-averaged) coupling coefficient and k is an "AC" coupling 
coefficient, then the general coupling coefficient can be written 
K~ (z) = CTI;i (z )+2kl;i (z)cos[~ z+</J(z)]. (1-20) 
Equations (1-15) - (1-20) are the coupled-mode equations that can be used to describe 
FBG spectra. Equations (1-15) and (1-16) may be simplified by making the "synchronous 
approximation" [56]. The resulting equations can be written as 
dR = iiJ R ( z) + ikS ( z) 
dz 
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dS = -iaS ( z)- ik* R ( z) dz 
17 
(1-22) 
where R and S are R ( z) = A ( z) exp ( ib' z-%') and S ( z) = B ( z) exp ( -ib' z + %') , 
respectively. In these equations k is the "AC" coupling coefficient from Eqn. (1-19) and 
a is a general "DC" self-coupling coefficient defined as 
The detuning o , which is independent of z for all gratings, is defined to be 
= 2;rn . (_!_--1 ) 
eJJ A A 
D 
(1-23) 
(1-24) 
where AD = 2n~f!A is the "design wavelength" for Bragg scattering by an infinitesimally 
weak grating (neff ~ 0) with a period A. Note that when o = 0, we find A = 2n~f!A, 
which is the Bragg condition predicted by the qualitative grating picture above. The 
"DC" coupling coefficient a is defined in Eqn. (1-18). Absorption loss in the grating 
can be described by a complex coefficient a , where the power loss coefficient is 
a = 2 lm (a) . Light not reflected by the grating experiences a transmission loss of 
101og10 (e)a with a unit of dB/em. Finally, the derivative (Ji)d%z describes 
possible chirp of the grating period. 
For a single mode Bragg reflection grating, the following simple relations hold [53]: 
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(1-25) 
(1-26) 
If the grating is uniform along z, then oneff is a constant and d Xz = 0' and thus k, 
a, and a- are constants. Therefore, Eqns. (1-21) and (1-22) are coupled first-order 
ordinary differential equations with constant coefficients, for which closed-form solutions 
can be found when appropriate boundary conditions are specified. The reflectivity of a 
uniform fibre grating of length L can be found by assuming a forward-going wave 
incident from z = -oo [when R (-%) = 1 ] and requiring that no backward-going wave 
exists for z ~ 7-'i [when S ( %) = 0]. The amplitude and power reflection coefficients 
p = S { -~ -7:/:) and r =I PI' , respectively, can then be shown as [55, 56] 
(1-27) 
and 
(1-28) 
In an optical fibre, the power of the transmitted signal E,otat is the combination of 
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fast axis ( x) and slow axis ( y ) modes. 
(1-29) 
Total transmission coefficient T can be written as: total 
(1-30) 
The transmission and reflection spectra of FBGs inscribed on a standard single mode 
telecommunication fibre (SMF-28, Coming Inc.) and a polarization maintaining fibre 
(PANDA, Fujikura Ltd.) are shown in Figs. 1-4 and 1-7, respectively. 
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Figure 1-7: Simulation results of transmission and reflection spectra of 
a polarization maintaining fibre Bragg grating. 
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1.4 Fibre Bragg Grating Sensors 
Sensors based on FBGs have attracted considerable attention since the early stage of the 
discovery. FBG sensors exceed other conventional electric sensors in many aspects, for 
instance, immunity to electromagnetic interference, compact sizes, light weight, 
flexibility, stability, high temperature tolerance, and resistance to harsh environment. 
Additional advantages of FBG sensors include very low insertion loss, narrowband 
. wavelength reflection, linearity in response over many orders of magnitude and 
compatibility with the existing fibre optics system, especially their absolute 
wavelength-encoding of measurand infonnation, making FBG sensors interrupt immune 
[57]. 
Fibre Bragg grating sensors can measure many physical parameters. Among these, 
strain [58-61] and temperature [62, 63] measurements are major fields of interest. Meltz 
and Morey propounded that the shift in the Bragg grating wavelength was mainly due to 
strain and temperature changes [ 64]. The strain response is induced due to both the 
fractional change in a grating period due to the physical elongation of the optical fibre 
and the change in fibre index due to photoelastic effects. The thermal response is induced 
due to both the inherent thennal expansion of the fibre material and the temperature 
dependence of the refractive index. It is apparent that any shift in Bragg wavelength is the 
sum of the strain and temperature factors. The sensing measurements of other 
measurands can be realized by transforming to the strain and temperature factors. FBG 
sensors used to measure humidity [65, 66], vibration [67], pressure [68-70], and 
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refractive index [71-74] have been reported recently. No report on the saccharinity 
measurement using a FBG sensor has been found so far. In this thesis, saccharinity and 
salinity sensing measurements of a polyimide-coating FBG will be carried out. Owing to 
the unique properties of the polyimide material, a saccharinity FBG sensor and a salinity 
FBG sensor are realized. Furthennore, the thesis reports that a steel-bar mounted FBG 
can be considered as an excellent bending sensor and water flow meter. 
As discussed above, FBGs respond to change in both strain and temperature. 
Therefore it is necessary to discriminate these effects in order to measure each physical 
parameter or to measure both simultaneously. Great efforts have been focused on this and 
various methods have been proposed. A simple and practical approach is to use a 
reference grating or grating pairs [16, 75]. The reference grating or grating pairs, which is 
isolated from one parameter, e.g., strain, is placed near the sensor FBG. The reference 
grating can be on the same fibre as the sensor FBG [76]. Another method is to use two 
FBGs with a large difference in their Bragg wavelengths, which show different responses 
to the same measurands [77]. FBGs written on fibres of different diameters have also 
been proposed, which give different strain responses, while the temperature responses are 
the same [78, 79]. A sensing head for simultaneous measurement of strain and 
temperature is demonstrated based on two Bragg gratings arranged in a twisted 
configuration [80]. By writing FBG with close wavelengths in undoped and boron doped 
fibres, different temperature sensitivities are obtained while the strain sensitivities remain 
the same [13]. In this thesis, a method using two different polymer-coated FBGs in a 
multiplexed sensor system to simultaneously measure axial strain and temperature is 
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proposed. Furthermore this polymer-coated FBGs scheme realized the elimination of the 
cross sensitivities of saccharinity/salinity and temperature for the first time. 
The sensing applications of fibre Bragg grating polarization effects have been studied 
m the past. When temperature and transverse force affect an FBG, they lead to 
comparable effects in the spectral evolution. The polarization dependent loss (PDL) and 
differential group delay (DGD) wavelength evolutions could be used to discriminate the 
temperature and transverse force [81]. The PDL in single mode FBG was found to be 
quite sensitive to the temperature and strain changes. It is possible to discriminate the 
temperature and strain effects by measuring the resonance wavelength shift and the PDL 
changes [82]. Simultaneous strain and temperature sensor based on the numerical 
reconstruction of polarization maintaining (PM) fibre Bragg grating's physical 
parameters was proposed by Caucheteur et al. [83] In this thesis, two different methods 
will be adopted to measure the maximum PDLs and the corresponding wavelengths of a 
single mode FBG. The Bragg wavelengths of two orthogonal axes and their difference of 
a PM FBG will also be investigated. The temperature sensing applications based on the 
polarization properties of the single mode FBG and PM FBG are realized. 
A large number of FBG sensors may be integrated at different locations along a 
single optical fibre or several fibres to form a quasi-distributed sensor [84-86]. The 
advantage of this FBG array is that each FBG has a unique Bragg wavelength and can be 
individually interrogated. Such an FBG array can be fabricated with an arbitrary linear 
distance between the gratings, while the wavelength separation between adjacent Bragg 
wavelengths is determined only by the wavelength shift of higher and lower wavelengths. 
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Many papers have reported the field applications of FBG sensors. Fibre Bragg 
grating sensors offer a number of advantages for spacecraft applications in embedded 
sensors that monitor the performance and fabrication of reinforced carbon fibre 
composites and advanced testing of gas turbine engines [87]. There are numerous 
applications of FBG sensors for structural health monitoring (SHM) in civil engineering, 
including monitoring of bridges [88], crack detection [89], and power transmission lines 
[90]. The FBG sensors can also be used in harsh environments [91]. 
Based on the instinctive temperature and strain sensitivity of FBGs and their unique 
advantages, FBGs have become more and more important in the sensing fields. 
Ping Lu, "Fibre Bragg Gratings and Their Sensing Applications" 
Cha ter 2 24 
Chapter 2 
Temperature, Humidity, Saccharinity 
and Salinity Sensitivity 
2.1 Introduction 
This chapter will discuss sensing applications in temperature, humidity, saccharinity and 
salinity of different polymer-coated FBGs. It will be shown that the temperature changes 
in different environmental conditions will result in a linear shift of the Bragg resonant 
wavelength of the FBGs. A polyimide-coated FBG is sensitive to relative humidity due to 
the unique properties of polyimide polymer. Meanwhile, an acrylate-coated FBG shows 
insensitivity to relative humidity. A new scheme for simultaneous measurement of 
temperature and saccharinity/salinity based on polymer-coated FBGs is proposed. It is 
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demonstrated that a polyimide-coated FBG can be used to measure the 
saccharinity/salinity while an acrylate-coated FBG can measure the environmental 
temperature change simultaneously. 
Section 2-2 presents temperature sensitivities of FBGs in different environmental 
conditions. In Section 2-3, the humidity sensitivities of acrylate-coated and 
polyimide-coated FBGs are investigated. The saccharinity and salinity sensitivities of 
acrylate-coated and polyimide-coated FBGs are presented in Sections 2-4 and 2-5. 
2.2 Temperature Sensitivity 
2.2.1 Theory of Fibre Bragg Grating Temperature Sensitivity 
The Bragg grating resonance, which is the centre wavelength of light back reflected from 
a Bragg grating, depends on the effective index of refraction of the core and the 
periodicity of the grating. The effective index of refraction, as well as the periodic 
spacing between the grating planes, will be affected by changes in temperature and strain. 
Using equation A-8 = 2n~ffA , the shift in the Bragg grating wavelength ~As due to 
temperature and strain changes is given by [64, 92] 
( an a A) ( an a A) ~Ae =2 A-+n- ~T+2 A-+n- ~~ az az az az (2-1) 
The first term in Eqn. (2-1) represents the temperature effect on an optical fibre. The 
changes in the grating spacing and the index of refraction caused by thermal expansion 
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result in a shift in the Bragg wavelength. This fractional wavelength shift for a 
temperature change 11T may be written as [64] 
(2-2) 
where a = (h_) ( 0%r) is the thermal expansion coefficient for the fibre 
(approximately, 0.55 X 1 o-6 oc-I for silica). The quantity s = CV,:) ( 8'far) represents the 
thenno-optic coefficient and it approximately equals 8.6x10-6 oc-l for a germanium 
doped silica-core fibre. Clearly, the index change is by far the dominant effect. From Eqn. 
(2-2), the expected sensitivity at a 1550 nm Bragg grating is approximately 0.0137 
nmfOC. 
2.2.2 Experimental Details 
A standard telecommunication optical fibre (SMF-28, Coming Inc.) was stored in a high 
hydrogen pressure environment (1900 psi) at room temperature for two weeks. 
Afterwards, the fibre was stored in a freezer at -70 °C before use. This process can 
prevent the hydrogen from diffusing out of the optical fibre. Hydrogen loading of a fibre 
satisfactorily enhanced its photosensitivity. A phase mask of 10 mm in length was used to 
write 1 em FBG gratings onto the fibre with the laser irradiation from an ArF excimer 
laser (193 nm). The transmission spectrum of the FBG was monitored in-situ during the 
laser exposure with a white light source and an optical spectrum analyzer. Since the 
photosensitivity of optical fibres also resulted in further changes to the central Bragg 
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wavelength and the peak loss of the attenuation bands generated after fabrication when 
the hydrogen diffused out of the fibre, the FBG was baked at 150 °C overnight to 
eliminate the residual hydrogen and to stabilize the UV-induced index changes. The 
experimental setup for inscribing gratings is shown in Fig. 2-1. 
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Figure 2-1: Schematic diagram of the fabrication of a fibre Bragg grating. 
The transmission spectrum of a typical FBG is shown in Fig. 2-2. A broadband 
lightwave travels through the optical fibre and enters into the FBG, from which one 
specific wavelength is reflected back by the FBG. Full width at half maximum (FWHM) 
is a parameter to characterize the bandwidths of laser beams or optical devices. For a 
strong FBG, it is normally 3 dBm from the reflectivity peak. 
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Figure 2-2: Transmission spectrum of a FBG at room temperature. 
Figure 2-3 illustrates the setup used to determine the temperature-induced shift in the 
resonance band of the FBG transmission spectrum. Light from a broadband light source 
(EBS-7210, MPB Communication, Inc.) was launched into one end of the fibre 
containing the grating and the transmission spectrum was recorded by an optical 
spectrum analyzer (ANDO AQ-6315E, Yokogawa Co.). The emission spectrum of the 
Er3+ broadband source is shown in Fig. 2-4, which indicates an output in the wavelength 
range of 1525-1600 nm. The resolution of the OSA was set at 0.05 nm in the 
measurement process due to the narrow FWHM bandwidth of the FBG. The temperature 
of the grating region on the sample was controlled by employing a 
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microprocessor-controlled water bath (Precision 281 ). The FBG sample was immersed in 
the water bath where the temperature was kept constant for half an hour before 
measurement in order to ensure that the transmission spectrum of the FBG sample was 
immovable and the system was in a stable condition. 
Water Bath 
Figure 2-3: Schematic diagram of a temperature sensing measurement system. 
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Figure 2-4: Emission spectrum of the Er3+ broadband light source used in this study. 
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2.2.3 Temperature Sensing Response of a Strong Fibre Bragg 
Grating 
For the strong FBG used here, the grating area was not recoated with a polymer layer 
after grating inscription. After the water temperature in the water bath was first changed 
from 5 °C to 90 °C with a step of 5 °C, the temperature was then decreased from 90 °C to 
35 °C with a step of 5 °C. At each specific temperature, sufficient time for stabilization 
has been guaranteed to ensure that the thermal equilibrium has reached between the FBG 
sample and the water reservoir before recording the data. At a temperature of 25 °C, the 
transmission spectrum is shown in Fig. 2-5. 
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Figure 2-5: Transmission spectrum of a strong FBG at 25 °C. 
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For the heating process, the observed transmission spectra and the change of Bragg 
grating wavelength as a function of increasing temperature are shown in Figs. 2-6 and 2-7, 
respectively. The wavelength red-shift of the FBG resonant peaks with respect to the 
increasing temperature was measured to be 0.0091 mn/°C. 
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Figure 2-6: Transmission spectra of the FBG as a function of increasing temperature. 
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Figure 2-7: Bragg wavelength of the FBG as a function of increasing temperature. 
For the cooling process, the measured change of Bragg grating wavelength as a 
function of decreasing temperature is shown in Fig. 2-8. The shift in the Bragg 
wavelength with respect to the decreasing temperature was measured to be 0.0098 mnJOC. 
The experimental results of a Bragg centre wavelength shift as a function of temperature 
are close to the expected value of 0.0137 nmi°C for a FBG recoated with an acrylate 
coating. The difference of the temperature sensitivity between the experimental result and 
theoretical value is mainly due to a discrepancy between different coating materials 
induced thennal expansion coefficient of the cladding materials and the thermooptic 
coefficient of different core materials. Results obtained from the heating and cooling 
processes demonstrated high repeatability of the temperature sensing measurement. 
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Figure 2-8: Bragg wavelength of the FBG as a function of decreasing temperature. 
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A general expression for the approximate FWHM bandwidth of a grating is given by 
[92] 
(2-3) 
where N is the number of the grating planes. The parameter s is ~ 1 for strong gratings 
(for grating with near 100% reflection) whereas s ~0.5 for weak gratings. The FWHM 
bandwidth of the FBG loss peak in the heating process is shown in Fig. 2-9 which 
indicates that the FWHM bandwidth doesn't exhibit a dependence on the changing 
temperature. 
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Figure 2-9: Change in the FWHM bandwidth of the FBG during heating process. 
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2.2.4 Temperature Sensing Response of a Weak Fibre Bragg 
Grating 
Compared with a strong FBG or a FBG with a high reflection, a weak FBG has relatively 
weak reflection power (contrast index !:1n ~ 2- 4 x 1 o-5 ). A broadband light source with 
output in the S-hand (ASE-FL7200, Thorlabs) was used as the light source in the 
experimental setup shown in Fig. 2-3. Figure 2-10 shows the emission spectrum of the 
ASE light source, which gives the output in the wavelength range of 1410-1510 nm with 
a quick decrease in the output power on both sides away from the peak wavelength. The 
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transmission spectrum of the weak FBG is shown in Fig. 2-11. The Bragg reflection peak 
is on the declining section of the output spectrum of the light source which makes it less 
straightforward to find out the transmission power at the peak. 
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Figure 2-10: Emission spectrum of the ASE light source used in this study. 
In order to overcome the light source limitation, two different methods were adopted. 
First, a data processing algorithm on FBG transmission spectra was adopted, in which 
three widths were defined, i.e. FWHM (50%), the width at 25% and the width at 75% 
height that is from reflection peak to full width. It is reasonable to consider the mean 
value of the three midpoint wavelengths as the peak wavelength. Through this algorithm, 
a linear relation between Bragg wavelength and changing temperature is obtained (Fig. 
2-12). 
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Figure 2-11: Transmission spectrum of the weak FBG obtained by the OSA at 25 °C. 
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Figure 2-12: Bragg wavelength of the weak FBG obtained through the data processing algorithm. 
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Secondly, a wavelength scanmng method was adopted to pick up the Bragg 
wavelength directly. The schematic diagram ofthe wavelength scmming method is shown 
in Fig. 2-13. In the experimental setup illustrated in Fig. 2-3, a tunable laser 
(TUNICS-PR, Photonetics) was used instead of a broadband light source. The Bragg 
wavelength falls in the output wavelength range of the tunable laser. An optical power 
meter (Newport 2832-C) recorded transmitted powers with a personal computer through 
Lab VIEW control software. Front panels of the Lab VIEW driver program for the tunable 
laser diode and the power meter are shown in Figs. 2-14 and 2-15. The transmission 
spectrum obtained from the wavelength scanning method is shown in Fig. 2-16. 
Personal 
Computer 
II 
GPIB 
FBG 
Power Tunable . """"'" . Laser Meter 
Water Bath 
Figure 2-13: Schematic diagram of the wavelength scanning method. 
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Figure 2-14: Front panel of the Lab VIEW driver program for the tunable laser. 
Figure 2-15: Front panel of the Lab VIEW driver program for the power meter. 
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Figure 2-16: Transmission spectrum of the weak FBG 
obtained from the wavelength scanning method. 
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Through this method, a linear relation between Bragg wavelength and changing 
temperature is obtained (Fig. 2-17). From the data processing algorithm, the temperature 
sensitivity was found to be 0.0087 nm/°C. For comparison, the temperature sensitivity 
from the wavelength scanning method gave 0.0094 nmi°C. A good agreement between 
these two methods is obtained. Also, the temperature sensitivities obtained from both the 
strong and weak FBGs indicated excellent agreement. 
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Figure 2-17: Bragg wavelength of the weak FBG obtained from the wavelength scanning method. 
2.3 Humidity Sensitivity 
2.3.1 Temperature and Humidity Sensitivity of 
Polyimide-coated Bragg Gratings 
Numerous applications such as chemical processing, air conditioning, agriculture, food 
storage, and civil engineering require humidity sensing. In this section a relative humidity 
(RH) fibre sensor that uses a polyimide-coated FBG will be discussed in details. 
Meanwhile, an acrylate-coated FBG will be demonstrated to be insensitive of relative 
humidity. 
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Using equation AB = 2nef!A, the shift in the Bragg wavelength due to thennal 
expansion changes in the grating spacing and changes in the index of refraction is given 
by [65] 
L:iA,A,B = SRHARH + Sr!:iT = [Pif -~ (Pcf- fJf) ]ARH +[ a<f-~ ( aif -af )+ s ]!iT (2-4) 
B 
where S RH and Sr are the sensor sensitivities to relative humidity and temperature, 
respectively. f.JUl and !iT are the changes in relative humidity and temperature 
accordingly. ~i is the hygroscopic longitudinal expansion coefficient, which is zero for 
bare fibre, and ai is the thermal longitudinal expansion coefficient. The subscript stands 
for bare fibre (i =f) and coated fibre (i = cf). c; is the thermo-optic coefficient of the 
fibre core, and ~ is the effective photoelastic coefficient of the coated fibre [ 65] 
(2-5) 
where P11 and P12 are the components of the strain-optic tensor, n 1s the index of 
refraction of the core, and u is the Poisson's ratio. For a typical optical fibre Pll = 
ef,r 0.113,Pl2=0.252, n=l.482, v =0.16,and v=--- where ef,r and ef,z arethe 
ef,z 
radial and axial elastic fibre strains, respectively. 
The sensor temperature sensitivity Sr can be expressed as 
(2-6) 
Table 2-1 lists some thermo-optic parameters of the fused silica fibre and the 
polyimide coating. According to the table, the temperature sensitivity of the sensor can be 
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calculated to be Sr = 7.010x10-6 °C1• The temperature coefficient Kr, defined as 
Kr =~As I ~T, is Kr = 0.0109 nm/°C at 1550 nm. 
Table 2-1. Properties of the fused silica fibre and the polyimide coating. 
Parameter Value Reference 
Thermal expansion coefficient a! 5x10-7 [93] 
Thermal expansion coefficient a c 4xlo-s [94] 
Thermo-optic coefficient q (55±4.8)x10-7 [95] 
Young's modulus, E (Fibre) 72 [96] 
Young's modulus, E (coating) 2.45 [94] 
Poisson's ratio, v (fibre) 0.17 [93] 
Poisson's ratio, v (coating) 0.41 [94] 
Hygroscopic expansion coefficient fJI 7x10-5 [65] 
Hygroscopic expansion coefficient flc 10 [97] 
Longitudinal expansion coefficient of coated fibre acf 1.39 [65] 
Longitudinal expansion coefficient of coated fibre flcf 1.58 [65] 
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As we know that the hygroscopic longitudinal expansion coefficient of the bare fibre 
/31 is zero, the sensor relative humidity sensitivity SRH can be expressed as: 
(2-7) 
Following the parameters in Table 2-1, the relative humidity sensitivity S RH 1s 
1.676 X 1 o-6 %RH-1• The humidity coefficient KRH, defined as KRH = ~AB I ~RH, lS 
2.6 X 1 o-3 nmi%RH at 1550 nm. 
2.3.2 Experimental Details 
Once the FBG is inscribed onto the SMF-28 fibre, either acrylate or polyimide can be 
re-coated on the grating section using a fibre recoater to protect the grating. The 
experimental setup used to characterize the humidity response of the sensor is shown in 
Fig. 2-18. The broadband light source was connected to the FBG sensor using a 2x2 fibre 
coupler. The reflected signal from the sensor was monitored using the optical spectrum 
analyzer. The polyimide-coated FBG sensor was stored inside an environmental chamber 
with controllable relative humidity. All experiments performed in this work were carried 
out at a room temperature of 20 °C. Sufficient time was given to allow the test 
enviromnent to stabilize before readings of the wavelength from the optical spectrum 
analyzer were recorded. 
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Figure 2-18: Schematic diagram of the humidity measurement system. 
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2.3.3 Humidity Sensing Response of a Polyimide-coated Fibre 
Bragg Grating 
The polyimide-coated FBG was placed in the enviromnental chamber where the 
temperature was kept at 20 °C. At each fixed humidity setting, the output signal from the 
OSA was allowed to settle for 1 hour before a reading was taken, and this process was 
carried out three times to ensure reproducibility. The results obtained from a series of 
tests of the sensor system are shown in Fig. 2-19. The data shows the behavior of the 
FBG spectral characteristics when the sensor system was exposed to different humidity 
conditions. From the diagram, the Bragg wavelength shift was observed when the 
humidity in the test enviromnent was varied from 13 %RH to 91 %RH. As the humidity 
level increased, the wavelength was found to shift toward the longer wavelength, which 
is consistent with the elongation of the FBG caused by the expansion of the polymer 
coating. This humidity change resulted in a wavelength shift of 0.22 run. 
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Figure 2-19: Reflection spectra of the polyimide-coated 
FBG at different relative humidities at 20 °C. 
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Figure 2-20 shows the shifts of the Bragg wavelength against the relative humidity 
during three repeated tests. A linear regression was performed to establish the relationship 
between the wavelength shift due to the material expansion and the humidity level in the 
test enclosure. The line fitted to the data points reveals a linear relationship between the 
two parameters and this agrees well with the observations made by Kronenberg et al. [ 65] 
and Sager et al. [97], where the volume expansion of the polyimide film varies linearly 
with humidity. The humidity sensitivities of the FBG were estimated to be 2.85, 2.62, and 
2.60 pm/%RH respectively at 1550 nm. The discrepancy among these test results may be 
ascribed to the incomplete adhesion between the silica surface and the polyimide layer 
due to the weak physical bonding at the interface between the fibre and the coating. 
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Figure 2-20: Bragg wavelength of the polyimide-coated FBG wavelength as a 
function of relative humidity in the environmental chamber. 
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Bare silica fibres are not sensitive to humidity. Polyimide polymers, however, are 
hygroscopic and will swell in aqueous media as the water molecules migrate into them. 
The swelling of the polyimide coating strains the fibre, which modifies the Bragg 
condition of the FBG and thus serves as the basis of the proposed sensor. 
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2.3.4 Humidity Sensing Response of an Acrylate-coated Fibre 
Bragg Grating 
Following the same procedures mentioned above, FBG wavelengths of an acrylate-coated 
FBG as a function of increasing and decreasing relative humidity were measured and are 
shown in Figs. 2-21 and 2-22, respectively. The results in these two figures clearly 
indicate that the change of relative humidity will not change the centre wavelength of 
FBG at room temperature. Thus the acrylate-coated FBG is not sensitive to the change in 
relative humidity. 
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Figure 2-21: Bragg wavelength of the acrylate-coated FBG wavelength 
as a function of increasing relative humidity. 
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Figure 2-22: Bragg wavelength of the acrylate-coated FBG wavelength 
as a function of decreasing relative humidity. 
2.4 Saccharinity Sensitivity 
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2.4.1 Principles of Fibre Bragg Grating Saccharinity 
Sensitivity 
In-situ monitoring of physical, chemical, and biological parameters is of great importance 
for biomedical applications and food industries. Among different parameters, 
saccharinity and temperature, especially simultaneous measurement of these two 
parameters, are especially important for disease prevention and therapy in health care and 
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food production. 
This section reports a new scheme constructed with two different polymer-coated 
FBGs for simultaneous measurement of temperature and saccharinity. Polyimide and 
acrylate polymers are fibre coating materials, which have excellent strength and can resist 
breakage. These materials are harmless and will not do any damage to human beings and 
the environment. Particularly, polyimide polymers are hygroscopic and swell in aqueous 
media as the water molecules migrate into them [65]. In order to achieve in-situ 
measurement of these two parameters, our sensor system has been designed as a 
multiplexed system with one acrylate-coated FBG and one polyimide-coated FBG, in 
which the acrylate-coated FBG is not sensitive to saccharinity and can function as a 
temperature sensor, only the polyimide-coated FBG can measure saccharinity in sugar 
solution. 
The water accumulation and leakage in the coating material of the FBG is a diffusion 
process, which can be described by Pick's second law [98] 
(2-8) 
where c is the water concentration, D is the constant diffusion coefficient, and t is the 
diffusion time. 
For radial diffusion in a cylinder as illustrated in Fig. 2-23, the general diffusion 
equation ofEqn. (2-8) can be expressed in cylindrical coordinates 
oc = n!~(r oc). 
ot r or or (2-9) 
The boundary condition for the diffusion mass entering the polyimide coating at the 
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position r along the direction of diffusion at time t is 
c( a< r < b,t = 0) = C0 
c(r = b,t ~ 0) = cext 
8c 
- ( r = a, t ~ 0) = 0 . 
8r 
c 
Figure 2-23: Water concentration levels in the fibre layer. 
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(2-10) 
r 
When the FBG is immersed in the water bath, it is reasonable to consider the 
environmental medium as a constant concentration source, in which the water outside the 
fibre will diffuse into the fibre coating until it reaches equilibrium. The solution of Eqn. 
(2-9) is 
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r 
c(r,t) = cexterfc( ~). 
v4Dt 
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(2-11) 
In the case when sugar is gradually added into the water bath, the water 
concentration in the fibre coating will be higher than that in the environmental medium 
and the water will diffuse into the environmental medium from the fibre coating until it 
reach equilibrium. The solution of Eqn. (2-9) is then 
(2-12) 
2.4.2 Polymer-coated Fibre Bragg Grating Temperature and 
Saccharinity Sensor 
For a multiplexed FBG system, two FBGs with a grating length of 1 em for each were 
inscribed on a hydrogen-loaded fibre. After the grating fabrication, one section of the 
grating area was then recoated with polyimide polymer while the other grating area 
recoated with acrylate polymer. The multiplex FBG sensor system is illustrated in Fig. 
2-24. The recoating process resulted in the fibre diameter of 173 J..tm at the grating section. 
The transmission spectrum of the sensor was measured by the optical spectrum analyzer. 
Figure 2-25 shows two Bragg wavelengths at 1549.02 and 1550.24 run with reflection 
signals of 9.24 and 13.47 dB, respectively. The characteristics of the multiplexed FBG 
sensor are listed in Table 2-2. 
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Polyimide-coated FBG Acrylate-coated FBG 
Figure 2-24: Schematic illustration of a multiplexed FBG saccharinity sensor system. 
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Figure 2-25: The transmission spectrum of the sensor system. 
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Table 2-2. Specifications of two types of polymer-coated FBGs. 
Polyimide-coated FBG Acrylate-coated FBG 
Fibre Type SMF-28 SMF-28 
Fibre Recoating Type Polyimide Acrylate 
Grating length (mm) 10 10 
Bragg Wavelength (run) 1550.24 1549.02 (in air, 20 °C) 
Thickness (!lm) 24.1±1.0 24.1±1.0 
Bandwidth (run) 0.29 0.17 
Isolation (dB) 13 8 
Reflection(%) 97.2 90.0 
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At first the temperature responses of the multiplexed FBG sensor in different 
environments were investigated. An microcomputer-controlled water bath and a 
environmental chamber were used to control the variation of the environmental 
temperature, in which the air and the water are the corresponding ambient media. Figure 
2-26 illustrates the experimental setup used to determine the temperature-induced shift of 
the FBG transmission spectrum in the environmental chamber or the water bath. After 
these two sections of the polymer-coated FBGs were completely immersed in the water 
bath, sugar was added into the water to adjust the saccharinity of the solution. The 
relationship between the saccharinity of the sugar solution and the Bragg wavelength of 
the multiplexed FBG sensor will be investigated in the following sections. 
Environmental Chamber 
or 
Water Bath 
Figure 2-26: Schematic diagram of the humidity measurement system 
in the environmental chamber or water bath. 
2.4.3 Simultaneous Measurement of Temperature 
Saccharinity 
and 
In the measurement, part of the multiplexed FBG sensor with the polyimide-coated 
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grating section was immersed in the environmental chamber. The FBG sample was 
tightened to eliminate the strain or bending cross effects [99]. The relative humidity was 
set at 25 %RH first to simulate the indoor environment. The Bragg wavelength ;tB was 
initially 1550.21 nm at a temperature of 20 °C and gradually red-shifted with the 
increasing temperature in the environmental chamber, as shown in Fig. 2-27. The Bragg 
wavelength moved to 1550.954 nm at 90 °C, corresponding to a net shift of 0.744 mn. 
The temperature coefficient of the polyimide-coated FBG in the air, Krair, which is 
0.0106 nm/°C, was obtained from the linear regression equation ltB =Ita+ Krair · T. 
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Figure 2-27: Bragg wavelength of the polyimide-coated FBG as a function of 
temperature in the environmental chamber and water bath. 
Since the polyimide-coated FBG is sensitive to humidity [66], the transmission 
spectra of the polyimide-coated FBG during the process of increase in relative humidity 
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indicated the spectral shift towards longer wavelengths as shown in Fig. 2-28. The initial 
FBG resonance wavelength was 1550.19 run at 13 %RH and gradually red-shifted with 
the relative humidity increase at a constant temperature of 20 °C in the environmental 
chamber. The resonance wavelength shifted to 1550.41 run at 91 %RH, corresponding to 
a shift of 0.22 run. The dependence of the Bragg wavelength As on the change of 
relative humidity I1RH can be fitted by the equation As = A,0 + K RH • MH , where 
K RH is the resonance wavelength shift coefficient. In this case, the value for K RH is 
2.64xl0-3 nm/%RH. This experimental value and the calculated value 2.6xl0-3 nm/%RH 
agree very well. 
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Figure 2-28: Bragg wavelength of the polyimide-coated FBG as a function of 
relative humidity in the environmental chamber. 
The longitudinal expansion coefficient of the coated fibre IS the sum of the 
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stifthess-weighted expansion coefficients of the bare fibre and of the coating [65], 
(2-13) 
is the cross-section area. 
From the relative humidity sensitivity SRH =1.676x10-6%RH-1 and Eqn. (2-4), we 
have 
(2-14) 
By using the parameters in Table 2-1 and the radii of the single mode fibre and its 
core, the thickness of the polyimide coating can be calculated to be 24.0 !Jill from Eqn. 
(2-13). From an optical microscopy, the thickness of the polyimide coating was observed 
to be 24±1 !Jill, indicating an excellent agreement between the theoretical analyses and 
the experimental data. 
When the polyimide-coated FBG was transferred from the environmental chamber 
(25 %RH) to the water bath at a constant temperature of 20 °C, it was found that the 
Bragg wavelength red-shifted from 1550.218 nm to 1550.408 nm and stabilized after half 
an hour (Fig. 2-29). Since the polyimide coating can absorb water and swell to stretch the 
fibre, the Bragg wavelength was increasing due to the expanding grating period which 
was caused by the stretched fibre. A net shift in the Bragg wavelength with an amount of 
0.19 nm matches the above experimental results. 
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Figure 2-29: Time evolution of the Bragg wavelength of the polyimide-coated FBG 
transferred from the environmental chamber to the water bath. 
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In Eqn. (2-11), D = 10-12 m2/s [110], a= 62.5 f..Lm, b = 86.5 f..Lm, and Cext = 1. We 
consider D as a constant for the fibre coating with a radius between a and b . From 
Fig. 2-28, when we take t = 2400 s, we can obtain 
c(24,um,t > 2400s )= 0.724 (W/W%) (2-15) 
where W /W% stands for weight percentage. As for the above calculation, we assume that 
the layer thickness remains constant, the coating and fibre interface is impenneable, and 
the water diffuses perpendicularly to the layer surfaces. 
After the transmission spectrum of the polyimide-coated FBG in the water bath 
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reached its stable conditions, the temperature was increased from 20 °C to 90 °C and the 
Bragg wavelength red shifted from 1550.430 run to 1551.088 run (Fig. 2-27). The 
temperature coefficient of the polyimide-coated FBG in water, Krwater, was 0.0094 
nm/°C, which is similar to its temperature coefficient in the air. Figure 2-27 indicates that, 
for the grating to be stored in either the enviromnental chamber or the water bath, the 
Bragg wavelength difference between the two cases decreases from 0.20 run to 0.15 run 
with the increase in temperature. This is mainly due to the reduced hydrophilic capability 
of the polyimide coating near the water boiling point. 
Following the same procedure as mentioned above, the temperature responses of the 
acrylate-coated grating of the multiplexed FBG sensor in air and water were studied 
separately. In the enviromnental chamber, the temperature coefficient of the 
acrylate-coated grating in air, kTair, was 0.0099 runfC, which is shown in Fig. 2-30. 
During the process of transferring the acrylate-coated FBG from the enviromnental 
chamber to the water bath, no apparent Bragg wavelength shifts appeared (Fig. 2-31 ). 
From Fig. 2-30, the temperature coefficient in water, kTwater, was measured to be 0.0102 
nmi°C, nearly the same as kTair. The reason is that the acrylate coating FBG is not 
sensitive to the change of relative humidity, as indicated in Fig. 2-32. 
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Figure 2-30: Bragg wavelength of the acrylate-coated FBG as a function oftemperature 
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Figure 2-31: Time evolution ofthe Bragg wavelength ofthe acrylate-coated FBG 
transferred from the environmental chamber to the water bath. 
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Figure 2-32: Bragg wavelength of the acrylate-coated FBG as a function of 
relative humidity in the environmental chamber. 
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After the polyimide-coated FBG and the acrylate-coated FBG were both completely 
immersed in the water bath for half an hour and kept the water temperature stable at 20 
°C, natural granulated sugar was added to the water to produce desired sugar solutions of 
different saccharinities ranging from 0 to 50 °Bx. The transmission spectra of the 
polyimide-coated FBG as a function of sugar saccharinity are shown in Fig. 2-33. When 
the sugar was added into the water bath, the water concentration around the grating 
decreased, which resulted in the decrease of the corresponding water concentration in the 
polyimide coating in order to achieve equilibrium. In our experiments, for each time the 
sugar was added, sufficient waiting time was observed to make the FBG spectrum stable 
and the stabilization time was recorded. 
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Figure 2-33: Transmission spectra of the polyimide-coated FBG 
as a function of sugar saccharinity. 
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According to Eqn. (12), the water concentration in the coating of the 
polyimide-coated FBG in different sugar solutions can be calculated. For the external 
water concentration gradually decreased from 1 to 0.5, as shown in Fig. 2-33, the 
diffusion stabilization time t are 280, 280, 280, 280, 280, 280, 250, 250, 250, and 230 s, 
respectively. Figure 2-34 shows the relationship between the water concentration in the 
coating of the polyimide-coated grating and the external sugar saccharinity. The 
decreasing diffusion stability time leads to less change in water concentration in the 
coating material. 
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Figure 2-34: The relationship between the water concentrations in the coating of the 
polyimide-coated FBG and the external sugar saccharinity. 
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Figure 2-35 shows the Bragg wavelengths of the two FBGs as a function of 
saccharinity. The sensitivity drops when the polyimide-coated FBG is exposed to a 
higher saccharinity solution as it approaches saturation. It shows that the sensitivity of the 
polyimide-coated FBG on saccharinity is 0.0012 nmrBx. The comparison of Fig. 2-35 (a) 
with Fig. 2-34 indicates that the blue-shifted Bragg wavelength is in proportion to the 
water concentration in the coating material. Thus we obtain the relationship between the 
Bragg wavelength and the saccharinity, 
ABragg,Bx = ABragg,water • (1- Bx )erJ( .J :Dt) (2-16) 
where ABragg,water is the Bragg wavelength in water, Bx is the saccharinity, 
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Figure 2-35: Bragg wavelengths as a function of saccharinity: 
(a) polyimide-coated FBG, (b) acrylate-coated FBG 
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The shrinkage of the polyimide coating in sugar solutions resulted in the Bragg 
wavelength blue-shift of the polyimide-coated FBG, as shown in Fig. 2-35(a). However, 
the acrylate-coated FBG is not sensitive to the change of saccharinity in the sugar 
solution, as shown in Fig. 2-35(b). We define a character matrix Mrs to represent the 
sensing performance of the multiplexed sensor. 
(2-17) 
In this particular case, the character matrix Mrs can be used to determine the variations 
in the saccharinity of water and its temperature from the readings of the wavelength shifts 
of the two gratings: 
[ 
L1/tacrylate] [0.0102 0 ][ L1T] 
L1/tpo~vimide - 0.0094 0.0012 /1Bx . (2-18) 
2.5 Salinity Sensitivity 
The fibre optic sensor for simultaneous measurement of temperature and salinity with the 
multiplexed polymer-coated FBGs is proposed and demonstrated in this section. 
Following the same procedures for saccharinity measurement, the temperature responses 
in air and water were investigated. When the FBGs were completely immersed in the 
water bath, we added salt into the water gradually to increase the solution salinity from 0 
to 25%. The transmission spectra of the polyimide-coated FBG as a function of salinity 
are shown in Fig. 2-36. 
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Figure 2-36: Transmission spectra ofthe polyimide-coated FBG as a function of salinity. 
According to Eqn. (2-12), the water concentration in the coating of the 
polyimide-coated FBG in different salt solutions can be calculated. When the external 
water concentration gradually decreased from 1 to 0.75 (Fig. 2-36), the diffusion 
stabilization timet are 140, 165, 200, 260 and 410 s, respectively. Figure 2-37 shows the 
relationship between the water concentration in the coating of the polyimide-coated 
grating and the external salinity. A comparison of Fig. 2-34 with Fig. 2-37 shows that salt 
has a stronger water absorption capability than sugar. Figure 2-38 shows the Bragg 
wavelengths of the two FBGs as a function of salinity indicating that the sensitivity of 
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polyimide-coated FBG on salinity is 0.0038 nm/%S. 
In this particular case, the character matrix Mrs can be used to determine the 
variations in the salinity of water and its temperature from the readings of the wavelength 
shifts of the two gratings: 
where AS is the change in salinity. 
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Figure 2-37: The relationship between the water concentrations in the coating of 
the polyimide-coated FBG and the external salinity. 
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Figure 2-38: Bragg wavelengths as a function of salinity: 
(a) polyimide-coated FBG, (b) acrylate-coated FBG. 
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2.6 Conclusion 
This chapter presents several sensing applications of polyimide-coated and 
acrylate-coated FBGs including temperature, humidity, saccharinity and salinity. The 
temperature sensitivity in different environmental conditions was studied, which 
indicated that the temperature changes in different enviromnental conditions will all 
result in linear shifts of the Bragg resonant wavelengths of the FBGs. The comparison of 
sensing characteristics of polyimide- and acrylate-coating FBGs has been discussed. A 
new scheme for simultaneous measurement of temperature and saccharinity/salinity is 
proposed. This approach offers a number of advantages over other saccharinity/salinity 
measurement methods. With this multiplexed FBG sensor, we can utilize the 
polyimide-coated FBG to measure the saccharinity/ salinity while simultaneously 
measuring the temperature with the acrylate-coated FBG. Another advantage of this 
scheme is that only two Bragg wavelengths were monitored, which simplify the 
measurement systems. The scheme offers the possibility to introduce more wavelength 
channels to realize a quasi-distributed measurement. With the simple FBG fabrication 
process and recoating technique, the scheme proposed here will result in low cost 
saccharinity/salinity sensor devices. Since the two sensing elements have been integrated 
on one standard single mode telecommunication fibre, it is possible to achieve 
quasi-distributed in-situ measurement of temperature and saccharinity/salinity over a long 
distance. Fibre Bragg gratings are attractive sensing elements because they exhibit a 
response that is reversible, accurate, and stable over long time periods, can be used for 
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absolute measurements, and can be readily applied to in-line multiplexed sensor chains. 
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Chapter 3 
Strain Sensitivity 
3.1 Introduction 
Fibre Bragg gratings have been demonstrated as useful fibre optic devices for a growing 
range of sensing applications including axis strain, bending, and other physical quantities. 
The strain sensitivity of a FBG and its sensing applications will be discussed in this 
chapter. Though FBG sensors have several unique advantages over their electrical 
counterparts, their widespread use had been plagued by their inability effectively 
discriminate between temperature and strain effects. In this chapter, a method using two 
different polymer-coated FBGs to simultaneously measure axial strain and temperature is 
proposed. Results of bending effects are reported by using two different steel bars in a 
simple steel-mounted FBG bending sensor. Theoretical error analysis and experimental 
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results of the sensor performance for measuring bending are discussed. A water flow 
sensor which can measure both the flux and the direction of water flow is fabricated 
based on the FBG bending sensing principle proposed here. Results of the experimental 
results show excellent agreement with the theoretical analyses. 
3.2 Axial Strain Sensitivity 
3.2.1 Theory of Axial Strain Sensitivity 
The Bragg wavelength, As , of a FBG is defined by 
As= 2neffA (3-1) 
where neff is the effective refractive index, A is the Bragg grating pitch and neff ·A 
is the optical spacing of the periodic refractive index structure which forms the FBG. 
The refractive index and Bragg wavelength are highly temperature dependent via the 
thermo-optic coefficient and, to a lesser extent the thennal expansion coefficient. The 
refractive index and Bragg wavelength are also dependent upon stress via the 
photoelastic constants and the mechanically induced elongation. The Bragg wavelength 
shift as a function of the physical elongation and the Pockels coefficients is described by 
[101] 
(3-2) 
and 
Ping Lu, "Fibre Bragg Gratings and Their Sensing Applications" 
Cha ter 3 73 
(3-3) 
where 8 is strain; v is the Poisson ratio; AB and L1AB are the Bragg wavelength and its 
shift respectively, ~ is an effective strain optic term, and ~" ~2 and ~4 are the 
strain tensor components related to axial loading where ~2 = ~1 - 2~4 due to the 
cylindrical symmetry of the system. 
The component of the Bragg wavelength shift which is directly due to the physical 
elongation of the Bragg grating spacing under tension, is detennined by Eqns. (3-2) and 
(3-3) with ~ equal to zero. The ~ term modifies the Bragg wavelength shift due to 
the Pockels coefficients and reduces the overall observed Bragg wavelength shift in fused 
silica for a given strain by 21%, to a typical strain sensitivity of 1.22 pm/J.!S for a FBG at 
1550 mn. The values for ~~ and ~4 are 0.113 and -0.069, respectively [57, 102]. 
3.2.2 Experimental Setup for Axial Strain Sensing 
Measurement 
In this experiment, the strain dependence of acrylate-coated FBG was studied by 
stretching the FBG axially at a constant temperature (20°C), as shown in Fig. 3-1. An 
erbium-doped broadband light source was used as the light source. Light passing through 
the FBG was received by the optical spectrum analyzer. The fibre sample was fixed to 
two linear translation stages (ATS100, Aerotech, Inc) using epoxy glue in which one 
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stage was used as a fixed stage and the other one as a motion stage. The accuracy of the 
motion stage is 1.0 !Jill. The strain was adjusted by applying tensile force to the FBG. The 
FBG sample was placed on the thermoplate (Sigma systems) where the temperature was 
kept constant. Different tensile forces were applied to the FBG with a motion stage 
through GPIB and Lab VIEW control. The front panels of the Lab VIEW driver program 
for the UNIDEX511 motion controller is shown in Fig. 3-2. 
FBG 
Epoxy Epoxy 
E .... Broadband 
-
I 11111111111 I 
- OSA Light Source I I 
• Thermoplate 
Fixed Stage Motion Stage 
Figure 3-1: Schematic diagram of the axial strain measurement system. 
Figure 3-2: The front panel of the driver program for the UNIDEX511 motion controller. 
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3.2.3 Fibre Bragg Grating Axial Strain Sensing Response 
The environmental temperature around the FBG sample was kept at 20 °C. The fibre 
length between the two epoxy glued points was 742.5 mm. The strain value was changed 
from 0 to 800 !lB with a step of 50 !lB. At each specific stretching state, sufficient time 
was allowed for the system to stabilize. The change of Bragg grating wavelength as a 
function of increasing axial strain is shown in Fig. 3-3. 
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Figure 3-3: Bragg wavelength of the acrylate-coated FBG as a function of axial strain. 
The wavelength shift of the FBG resonant peaks with respect to the increasing axial 
strain was measured to be 0.829 pm/!ls. The theoretical strain sensitivity at 1550 nm is a 
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1.22 pm change as a result of applying 1 J.lE to the Bragg grating [ 64]. It is noticed that the 
experimental value is smaller than the theoretical value, which is mainly due to the effect 
of the coating layer. The coating layer and the epoxy glue are well fixed in the 
experiments, however sliding between the coating and cladding of the fibre was observed. 
The strain force was not directly applied on the FBG whereas on the coating area which 
resulted in the discrepancy between experimental and theoretical value. 
3.3 Simultaneous Measurement of Temperature and 
Axial Strain 
3.3.1 Operation Principle 
Fibre Bragg gratings showed excellent performance as temperature and strain sensors. 
However temperature and strain cannot be determined separately by only measuring the 
wavelength shift of one FBG sensor, which is sensitive to both measurands. A number of 
techniques have been reported to overcome this limitation [103-107]. 
In this section, simultaneous measurements of strain and temperature are realized 
based on the measurement of the different characteristic wavelength shifts of two types of 
FBGs. The sensor has two gratings with close Bragg wavelengths written in two spliced 
sections of a single mode SMF-28 fibre with identical geometry: one of them was 
recoated with polyimide and the other one with acrylate. In this way, a compact sensing 
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element with two Bragg gratings of different strain sensitivities and temperature 
sensitivities can be integrated. 
For Eqn. (2-1), 
LlA = 2(A on+ n oA)LlT + 2(A 011 + n oA)Llt 
s az at az at (2-1) 
the first term represents the temperature effect on an optical fibre, while the second term 
describes the strain effect on an optical fibre. This corresponds to a change in the grating 
spacing and the strain-optic induced change in the refractive index. The term related with 
the strain effect may be expressed as 
(3-2) 
" 
where ~ is an effective strain-optic constant defined as 
112 ~ =2[ f1z -v( J11 + f1z)] · (3-3) 
From Eqns. (2-2) and (3-2), the expected sensitivity at a 1550 nrn Bragg grating is a 
1.22 prn!Jl8 and the expected temperature sensitivity at a 1550 nrn Bragg grating is 
approximately 0.0137 nrn/°C. 
3.3.2 Simultaneous Temperature and Axial Strain Sensing 
Measurement 
In this section, we investigated the temperature and axial strain sensitivity of 
polyimide-coated FBG and acrylate-coated FBG. Due to their different sensitivities, 
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simultaneous temperature and axial strain sensing measurement can be realized. 
The experimental setup for this work is shown in Fig. 3-1. For the polyimide-coated 
FBG, the fibre length between the two fixed points was 728.5 mm. At first, a thermoplate 
was used to keep the FBG temperature at 20 °C. The strain value was changed from 0 to 
1000 J.tc with a step of 50 J.tc. Figure 3-4 shows that the wavelength shift of the FBG 
resonant peaks with respect to the increasing axial strain was measured to be 0.972 
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Figure 3-4: Bragg wavelength of the polyimide-coated FBG as a function of axial strain at 20 °C. 
The measurement was carried out at different axial strain values from 0 to 1 000 J.tE 
with a step of 200 J.tc. At each axial strain value, the Bragg wavelength as a function of 
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temperature was measured. Figure 3-5 gives the dependence of the Bragg wavelength of 
the polyimide-coated FBG on temperature under different axial strain values. The axial 
strain sensitivities at temperatures of 30, 40, 50, 60, 70, and 80 °C are 0.972, 1.002, 1.002, 
1.002, 0.984, and 0.978 pm/J..te, respectively. The average axial strain sensitivity is 0.99 
prniJ.!e that is close to the sensitivity derived from Fig. 3-4. The temperature sensitivities 
at different strain levels of 0, 200, 400, 600, 800, and 1000 J..le are 0.0095, 0.0093, 0.0093, 
0.0091, 0.009, and 0.0096 nmfC, respectively. The average temperature sensitivity is 
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Figure 3-5: Bragg wavelength of the polyimide-coated FBG as a function of 
temperature under different axial strain values. 
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For the acrylate-coated FBG, the fibre length between two fixed points was 742.5 mm. At 
first, a thennoplate was used to keep the FBG temperature at 20 °C. The strain value was 
changed from 0 to 1 000 J.l€ with a step of 50 J.l€. Figure 3-6 shows that the wavelength 
shift of the FBG resonant peaks with respect to the increasing axial strain was measured 
to be 0.738 pm/J.l€. 
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Figure 3-6: Bragg wavelength of the acrylate-coated FBG as a function of axial strain at 20 °C. 
The measurement was carried out at different axial strain values from 0 to 1000 J.l€ with a 
step of 200 J.l€. At each axial strain value, the Bragg wavelength as a function of 
temperature was measured. Figure 3-7 gives the dependence of the Bragg wavelength of 
the acrylate-coated FBG on temperature under different axial strain values. The axial 
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strain sensitivities at temperatures of30, 40, 50, 60, 70, and 80 °C are 0.732, 0.714, 0.72, 
0.732, 0.738, and 0.756 pm/J..ts, respectively. The average axial strain sensitivity is 0.732 
prn!J..ts that is close to the sensitivity derived form Fig. 3-6. The temperature sensitivities 
at different strain levels ofO, 200, 400, 600, 800, and 1000 J..lc are 0.0083, 0.0082, 0.0079, 
0.0081, 0.0087, and 0.0083 nWOC, respectively. The average temperature sensitivity is 
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Figure 3-7: Bragg wavelength of the acrylate-coated FBG as a function of 
temperature under different axial strain values. 
Figures 3-8 and 3-9 show the responses of the two sensing gratings to the applied 
temperature and strain variations, respectively. Different temperature and axial strain 
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sensitivities are observed for the two gratings. In this case, the character matrix M Tc can 
be used to determine the variations in the axial strain and temperature from the amounts 
of the wavelength shifts of the two gratings: 
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Figure 3-8: Dependence of the Bragg wavelength shifts of the 
polyimide- and acrylate-coated FBGs on the axial strain. 
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Figure 3-9: Dependence of the Bragg wavelength shifts of the 
polyimide- and acrylate-coated FBGs on the temperature. 
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The character matrix, as the most important parameter of a multiplexed 
polymer-coated FBG sensor system, provides us with a new approach to predict the axial 
strain and temperature simultaneously applied to the sensor system, that is to say, the 
cross sensitivity of the axial strain and temperature has been perfectly resolved. 
3.4 Bending Sensitivity 
3.4.1 Experimental Setup for Bending Sensing Measurement 
In this section the bending sensitivity of an acrylate-coated FBG was investigated in 
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detail. The schematic diagram of the FBG bending measurement is shown in Fig. 3-10. 
An erbium-doped broadband source was used as a light source. Light passing through the 
FBG was received by the optical spectrum analyzer. The fibre was attached on one side 
of a steel bar using epoxy glue. The steel bar was fixed onto a vertical frame. The FBG 
sample was in air at 20 °C. The bending effect of the steel bar was generated with a 
motion stage (ATSlOO, Aerotech, Inc.) controlled by a personal computer through GPIB 
and Lab VIEW program. The motion stage move forward and from either side of the steel 
bar to change the bending direction. During the process of attaching the fibre onto the 
steel bar, the fibre was stretched to produce a pre-strained state. The motion stage moved 
forward to induce a convex bending on the steel bar and hence the FBG that stayed in a 
stretched state. When the motion stage was installed on the opposite side of the steel bar, 
the FBG on the steel bar experienced concave bending and stayed in a shrunk state. The 
deformation process is illustrated in Fig. 3-11. 
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Figure 3-10: Schematic diagram of the bending measurement system. 
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Figure 3-11: Deformation of a FBG on a steel bar under two-directional impacts. 
3.4.2 Operation Principles of Bending Measurement 
Figure 3-12 shows the schematic diagram of fibre elongation. For an initial segment 
of the steel bar, denoted as AC in Fig. 3-12 with an initial length of L, it becomes an arc 
AB with an effective length of L' after convex bending. It is obvious from the figure that, 
for the angle e corresponding to the arc AB, the fibre length change from its initial 
value of l to l' after convex bending during the forward shift of the motion stage with an 
amount of D. The elongation length M of the fibre can be calculated using the 
geometry relation 
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(3-5) 
and 
(3-6) 
After substituting Eqn. (3-6) into Eqn. (3-5), the relationship between !:!.! and D is 
2dl (D) !:!.! = L arctan L . (3-7) 
Following Eqn. (3-2), the Bragg wavelength shift is 
A 1 - 2dA.s{t-~) (D) 
u//.s- arctan - . 
L L 
(3-8) 
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Figure 3-12: Schematic diagram of fibre elongation. 
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For an initial segment of steel bar, denoted as AC in Fig. 3-13 with an initial length 
of L, it becomes an arc AB with an effective length of L' after concave bending. It is 
obvious from the figure that, for the angle B corresponding to the arc AB, the fibre 
length change from its initial length of l to l' after concave bending during the forward 
shift of the motion stage with an amount of D. The elongation length M of the fibre can 
be calculated using the geometry relation. The shortened length M of the fibre can be 
calculated from the geometry relation in Fig. 3-13 
and 
() l [21ZR- 2;r(R +d)].-·-= !J.l. 
2;r L 
From Eqns. (3-9) and (3-10), the relationship between !J.l and D becomes 
Following Eqn. (3-2), the Bragg wavelength shift is given by 
A 1 2dA-A1-iJ (D) 
IJ./'vs = arctan - . 
L L 
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Figure 3-13: Schematic diagram of fibre shrinkage. 
3.4.3 Micro-bending Sensing Measurement with a Stainless 
Steel Bar-mounted Fibre Bragg grating 
In the bending sensing experiment, we used two different steel-mounted FBG schemes. 
First we adopted a stainless steel bar-mounted FBG, which is shown in Fig. 3-12 with a 
fibre length of 200 mm. The top section (30 mm) of the steel bar was fixed and the 
bottom section (10 mm) was pushed by the motion stage. The effective length of the steel 
bar was 260 mm. 
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Figure 3-14: Schematic diagram of the stainless steel bar-mounted fibre Bragg grating. 
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The motion stage located on the side of the fibre with regard to the steel bar moved 
forward 27 mm at a step of 1 mm. At each specific position, the Bragg wavelength was 
recorded by the OSA. The Bragg wavelength as a function of shift imposed by the motion 
stage is given in Fig. 3-15. It shows that the red-shift of the FBG resonant peak 
wavelength with respect to the increasing bending shift was measured to be 0.192 nrn. 
When the motion stage was separated from the fibre by the steel bar and moved forward 
7 mm in steps of 1 rnrn, the Bragg wavelength as a function of the shift imposed by the 
motion stage is shown in Fig. 3-16. This figure indicates that the blue-shift of the FBG 
resonant peak wavelength with respect to the increasing bending radius was measured to 
be 0.051 nrn. After passing this length, the Bragg wavelength did not shift any more due 
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to the relaxation of the fibre. Further increase in the bending shift of the steel bar did not 
influence the change in the Bragg wavelength. Figure 3-17 gives the dependence of the 
Bragg wavelength of the FBG on the bending shift at 20 °C. It is obvious that the 
stainless steel bar-mounted FBG can distinguish both the rate and the direction of 
bending. 
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Figure 3-15: Bragg wavelength of the FBG during the convex bending at 20°C. 
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Figure 3-16: Bragg wavelength of the FBG during the concave bending at 20 °C. 
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Figure 3-17: Dependence of the Bragg wavelength of the FBG on the bending shift at 20 °C. 
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For the stainless steel bar-mounted FBG, the coating thickness was 250 J.!m and the 
initial length of the steel bar was 260 mm. The shifts of the convex and concave bending 
were 27 mm and 7 mm, respectively. From Eqn. 3-8, the Bragg wavelength shift due to 
the stretched fibre can be found to be 0.242 nm. The simulation result of a Bragg centre 
wavelength shift as a function ofbending is approaching the experimental value of0.192 
run. From Eqn. 3-12, we obtained the Bragg wavelength shift due to the shrunk fibre to 
be 0.054 nm. The simulation result of the Bragg wavelength shift as a function of the 
bending is in good agreement with the experimental value of 0.051 nm. Figure 3-18 gives 
the simulation result of the dependence of the Bragg wavelength of the FBG on the 
bending shift. 
-E 
c 
..c 
-0') 
c (]) 
(]) 
> co 
3: 
0') 
0') 
~ 
Ill 
-20 -15 -10 
1549.4 
-•- Convex bending 
-~- Concave bending 
1549.3 
1549.2 
15 20 25 30 35 
1548.9 
1548.8 Bending shift (mm) 
Figure 3-18: Simulation result of the dependence of the Bragg wavelength of 
the FBG on the bending shift. 
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3.4.4 Macro-bending Sensing Measurement with a Spring 
Steel Bar-mounted Fibre Bragg Grating 
In order to evaluate the FBG sensing response under different bending effects, a spring 
steel bar was adopted as the mounting host for the FBG. Spring steel has a very high yield 
strength, which allows it return to its original shape easily despite of significant bending. 
Figure 3-19 shows the schematic diagram of the spring steel bar-mounted FBG. The fibre 
length was 180 mm. The top section (30 mm) of the steel bar was fixed and the bottom 
section (1 0 mm) was pushed by the motion stage. 
180mm 
Figure 3-19: Schematic diagram of the spring steel bar-mounted fibre Bragg grating. 
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The motion stage located on the side of the fibre with regard to the steel bar moved 
forward 90 mm in steps of 1 mm. At each specific position, the Bragg wavelength was 
recorded by the OSA. The Bragg wavelength as a function of shift imposed by the motion 
stage was given in Fig. 3-20. It shows that the red-shift of the FBG resonant peak 
wavelength with respect to the increasing bending shift was measured to be 0.716 nm. 
The motion stage was separated from the fibre by the steel bar and moved forward 11 
mm at a step of 1 mm. The Bragg wavelength as a function of the shift imposed by the 
motion stage was given in Fig. 3-21. It shows that the blue-shift of the FBG resonant 
peak wavelength with respect to the increasing bending radius was measured to be 0.097 
nm. After passing this position, the Bragg wavelength did not shift any more due to the 
relaxation of the fibre. Further increase in the bending shift of the steel bar did not 
influence the change in the Bragg wavelength. Figure 3-22 gives the dependence of the 
Bragg wavelength of the FBG on the bending shift at 20 °C. It is obvious that the spring 
steel bar-mounted FBG can distinguish both the magnitude and the direction ofbending. 
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Figure 3-20: Bragg wavelength of the FBG during the convex bending 20 °C. 
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Figure 3-21: Bragg wavelength of the FBG during the concave bending 20 °C. 
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Figure 3-22: Bragg wavelength as a function of motion stage shift at 20 °C. 
For the spring steel bar-mounted FBG, the coating thickness is 250 J..Lm and the initial 
effective length of the steel bar is 270 mm. The shifts of convex and concave bending are 
90 mm and 11 m.m, respectively. From Eqn. (3-8), the Bragg wavelength shift due to the 
stretched fibre can be found as 0. 727 nm. The simulation result of a Bragg centre 
wavelength shift as a function ofbending is approaching the experimental value 0.716 
nm. From Eqn. (3-12), we get the Bragg wavelength shift due to the shrink fibre is 0.100 
nm. The simulation result of the Bragg wavelength shift as a function of bending is in 
good agreement with the experimental value of 0.097 nm. Figure 3-23 gives the 
simulation result of the dependence of the Bragg wavelength of the FBG on bending 
shift. 
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Figure 3-23: Simulation result of the dependence of the Bragg wavelength 
of the FBG on the bending shift. 
3.5 Water Flow Measurement 
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In this section water flow measurement using acrylate-coated FBG will be discussed. 
The schematic diagram of the FBG water flow measurement is shown in Fig. 3-24. An 
erbium-doped broadband source was used as a light source. Light passing through the 
FBG was received by the optical spectrum analyzer. The fibre was attached on one side 
of a steel bar using epoxy glue. The steel bar was fixed onto a vertical frame. The FBG 
sample was kept in air at 20 °C. The steel bar was bent by the impact of water flow. 
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Change in the water flow direction resulted in the change m the steel bar bending 
direction. During the process of attaching the fibre onto the steel bar, the fibre was 
stretched to produce a pre-strained state. The water flow strikes the steel bar from the 
same side of the fibre with regard to the stainless/spring steel in order to induce a convex 
bend on the steel bar for the FBG to stay in a stretched state. When the water flows 
oppositely, the FBG on the steel bar will experience concave bending and stay in a shrunk 
state. 
Epoxy 
Er3• Broadband 
Light Source 
FBG 
Water 
Flow 
Figure 3-24: Schematic diagram of the water flow measurement system. 
In the water flow experiment, we used two different steel-mounted FBG schemes, 
which were the same as those used in the bending sensing measurement. First we adopted 
a stainless steel bar-mounted FBG. The schematic diagram of the stainless steel 
bar-mounted FBG has been shown in Fig. 3-14. 
First the water flow hit the stainless steel bar from the same side of the fibre with 
regard to the stainless steel bar (forward water flow). The water flow was increased from 
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0 to 90 cm3 Is. At each specific water flow rate, the FBG spectrum was recorded by the 
OSA. The Bragg wavelength of the FBG as a function of water flow rate is given in Fig. 
3-25. This water flow change yields a wavelength shift of approximately 0.077 nm. 
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Figure 3-25: Bragg wavelength of the FBG as a function of forward water flow rate at 20 °C. 
Figure 3-26 displays the transmission spectra of the FBG when the forward water 
flow rate was increased. As the water flow rate was increased, the Bragg wavelength was 
found to shift toward the longer wavelength, which is consistent with the elongation of 
the FBG caused by the convex bending of the stainless steel bar. 
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Figure 3-26: Transmission spectra of the FBG under different forward water flow rates. 
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When the water flow was changed to the opposite direction and the flow rate was 
increased from 0 to 90 cm3 /s, the FBG spectra were recorded by the OSA. The Bragg 
wavelength of the FBG as a function of the water flow is shown in Fig. 3-27. This water 
flow change yields a wavelength shift of approximately 0.027 nm. Figure 3-28 displays 
blue-shifts of the FBG transmission spectra red-shifts when the backward water flow rate 
was increased. As the water flow was increased, the wavelength was found to shift 
toward the shorter wavelength, which is consistent with the shrinkage of the FBG caused 
by the concave bending of the stainless steel bar. 
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Figure 3-27: Bragg wavelength of the FBG as a function of backward water flow rate at 20 °C. 
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Figure 3-28: Transmission spectra of the FBG under different backward water flow rates. 
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In order to compare with the results from the bending measurement, the water flow 
induced shift of the steel bar was recorded. The steel bar shift induced by the water flow 
and the Bragg wavelength corresponding to the motion stage induced bending effect as a 
function ofwater flow is shown in Fig. 3-29. It shows that red-shift of the FBG resonant 
peaks with respect to the increasing water flow rate is 0.081 nm. The experimental result 
of a Bragg centre wavelength shift as a function of water flow rate 0.077 run is in good 
agreement with the simulation result. 
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Figure 3-29: The FBG in water flow measurement: •, bending shifts of the steel bar under 
different water flow rates; !!1, the corresponding Bragg wavelength due to the same amount of 
bending shift induced by the motion stage. 
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Figure 3-30 shows the Bragg wavelength of the FBG as a function of the water flow 
rate, which demonstrates that the stainless steel bar-mounted FBG can realize the sensing 
of water flow rate and direction simultaneously. 
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Figure 3-30: Bragg wavelength of the FBG as a fimction of water flow rate at 20 °C. 
For a spring steel bar-mounted FBG as the second scheme to measure the water flow, 
its schematic diagram has been shown in Fig. 3-19. First the water flow hit the spring 
steel bar from the same side of the fibre with regard to the spring steel bar (forward water 
flow). The water flow was increased from 0 to 90 cm3 /s. At each specific water flow rate, 
the FBG spectrum was recorded by the OSA. The Bragg wavelength as a function of the 
water flow rate is given in Fig. 3-31. This water flow change yields a wavelength shift of 
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approximately 0.826 run. Figure 3-32 displays the transmission spectra of the FBG when 
the forward water flow rate is increased. As the water flow rate was increased, the Bragg 
wavelength was found to shift toward the longer wavelength, which is consistent with the 
elongation of the FBG caused by the convex bending of the spring steel bar. 
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Figure 3-31: Bragg wavelength of the FBG as a function of forward water flow rate at 20 °C. 
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When the water flow was changed to the opposite direction and the flow rate was 
increased from 0 to 90 cm3/s, the FBG spectra were recorded by OSA. The Bragg 
wavelength of the FBG as a function of water flow rate is shown in Fig. 3-33. When the 
water flow rate reaches about 20 cm3 Is, the Bragg wavelength will not blue-shift further 
due to the complete relaxation of the fibre. 
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Figure 3-33: Bragg wavelength as a function of backward water flow at 20 °C. 
In order to compare with the results from the bending measurement result, the water 
flow induced shift of the steel bar was recorded. The steel bar shift induced by the water 
flow and the Bragg wavelength corresponding to the motion stage induced bending effect 
as a function of water flow is shown in Fig 3-34. It shows that red-shift of the FBG 
resonant peaks with respect to the increasing water flow rate is 0.698 nm. The 
experimental result with a value of 0.826 nm indicates a discrepancy from the simulation 
result, which is believed to result from the unstable water flow from the tap water. 
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different water flow rates; Ill!, the corresponding Bragg wavelength due to the same amount of 
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3.6 Conclusion 
This chapter reports strain sensitivity of FBGs and its several applications. The axial 
strain sensitivity was firstly studied, which indicated that the axial strain changes resulted 
in a linear shift of the Bragg wavelength of the FBGs. Simultaneous measurement of 
axial strain and temperature was realized using two polymer-coated FBGs, which 
demonstrated that the dual-wavelengths of the FBGs have different responses to the 
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temperature and axial strain. This multiplexed FBGs scheme can realize the 
discrimination between axial strain and temperature effects. Secondly, the bending 
sensing experiment is reported. The result shows that steel-mounted FBG can be an 
excellent bending sensor as a shape sensor or a smart structure sensor. Thirdly, the water 
flow measurement based on the bending sensor was conducted. The steel-mounted FBG 
can distinguish both the magnitude and the direction of water flow. The advantage of the 
water flow sensor is its simplicity in the sensing principle and fabrication. Based on the 
instinctive temperature and strain sensitivity and their unique properties, FBGs have been 
considered as excellent sensor elements. 
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Chapter 4 
Polarization Characterization of Fibre 
Bragg Gratings 
4.1 Introduction 
In chapters 2 and 3, sensing of various measurands by using FBGs have be investigated. 
In this chapter, a new sensing application based on the polarization characterization of 
FBGs will be discussed. 
The polarization characterization is increasingly important in optical communication 
systems. The polarization dependent loss (PDL) characteristics of single mode uniform 
FBGs will be presented first. The PDL in FBGs was measured by applying the 
polarization scanning method and the Mueller matrix method. The experimental results 
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indicate that the wavelength dependent PDL in a uniform FBG has the potential to realize 
temperature sensing measurement. The temperature response of a polarization 
maintaining FBG was investigated. The Bragg wavelengths corresponding to fast-axis 
mode and slow-axis mode and their wavelength difference are sensitive to the 
temperature change. The temperature sensing applications based on the polarization 
characterization can thus be realized. 
4.2 Polarization Dependent Loss of Single Mode 
Uniform Fibre Bragg Gratings 
4.2.1 Theory of Polarization Dependent Loss 
Polarization dependent loss is the difference between the minimum and the maximum 
transmission of an optical component versus all possible input polarization states. Many 
optical components, such as fibre optical coupler, optical attenuators and optical isolators, 
exhibit PDL. Single-side irradiation of the fibre by an UV laser through a phase mask 
during the grating inscription process contributes to the FBG birefringence [108, 109]. 
The birefringence leads to the polarization dependent loss in the transmission power of 
FBGs. For applications in telecommunication, PDL in a long distance optical 
communication system should be as small as possible because the existence of PDL 
combined with polarization mode dispersion (PMD) causes pulse distortion and 
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deteriorates system performance. However in the case of sensor networks, PDL may be 
desirable in some cases, for example, Oh et at. demonstrated a new technique to 
discriminate temperature and strain effects using a single FBG which was based on the 
Mueller matrix method measurement of the maximum PDL value of the FBG [82]. 
There are three basic methods to measure PDL: the polarization scanning method, 
the Jones matrix and the Mueller matrix method. The operation principle of the Mueller 
matrix method is to generate four specific input polarization states, i.e. linear horizontal, 
linear vertical, linear at 45° and right-hand circular, pass through the FBG and measure 
the optical power transmission at these four states [110]. The incident polarized light of 
Stokes vector Sin interacts with the FBG (Mueller matrix M ). The Stokes vector 
sout of the output light, can then be expressed as 
mll ml2 m!3 mt4 So 
Sout =M ·Sin= mzt mzz m33 m44 sl (4-1) 
m3t m3z m33 m34 Sz 
m41 m42 m43 m44 s3 in 
where S0 is the total intensity, S1 is the difference in the intensities between the 
horizontal and vertical linearly polarized components, S2 is the difference in the 
intensities between the linearly polarized components oriented at +45° and -45°, S3 is 
the difference in the intensities between the right and left circularly polarized 
components. 
The matrix elements of the first row of the Mueller matrix, m 11 , m 12 , m13 and m 14 
are useful to calculate the PDL value. The maximum and minimum power transmissions 
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are calculated as 
(4-2) 
and 
(4-3) 
The PDL can be expressed from its definition: 
PDL = 1 Olog10 (Tmax I T;nin) (4-4) 
where T;1JaX and r;nin denote the maximum and minimum transmission powers through 
the FBG, respectively. 
The polarization scanning method measures the maximum and minimum changes in 
the power transmission through the FBG over all possible input polarization states. The 
PDL of the FBG is then obtained from the Eqn. (4-4). 
Birefringence in optical fibres is the difference in refractive index 11n between a 
particular pair of orthogonal polarization modes (x andy modes). Their refractive index is 
defined by Eqn. ( 4-5) where neff is the core effective refractive index given by: 
(4-5) 
The x andy modes undergo different couplings due to 11n. The transmitted signal is thus 
the combination of the signals corresponding to the x andy modes. 
The Jones vector corresponding to the transmitted signal is defined by [111]: 
(4-6) 
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where (;:,x] is the Jones vector of the input signal and Pxc.vl denotes the transmission 
l,y 
coefficient of the unifonn FBG corresponding to the x(y) mode. The expression of Px(y) 
can be derived from the coupled mode theory [53]: 
-kx(y) sinh ( ~ k~c.v/ - a 2 L) 
P = ~n 
x(y J • ( 1 2 2 ) • I 2 2 ( I 2 2 ) 
ax<.vl smh '\/ k,<.vl - ax<.vl L + 1'\j kx<.vl - ax<.vl cosh '\/ kx<.vl - ax<.vl L 
and 
(4-8) 
Thus the PDL in a FBG is given by: 
(4-9) 
4.2.2 Polarization Dependent Loss Measurement 
The measurement setup for the transmission spectrum and the PDL of polyimide-coated 
FBG is shown in Fig. 4-1. The polarization scanning method and the Mueller matrix 
method were adopted in this experiment. The transmission spectrum and the PDL were 
measured using a tunable laser (TUNICS-PR, Photonetics), a polarization controller (HP 
11896) and a power meter. The Lab VIEW front panels of the PDL measurement we 
designed by using the polarization scanning method are shown in Fig. 4-2. For the 
polarization scanning method, the fibre-coil-based polarization controller generates 
polarization states in a pseudo-random manner. The power meter records maximum and 
Ping Lu, "Fibre Bragg Gratings and Their Sensing Applications" 
Chapter 4 114 
mmunum transmissions by a personal computer through Lab VIEW control. For the 
Mueller matrix method, the polarization controller (PS3 PDL-multimeter, JDS Uniphase) 
comprises a polarizer, a quarter-wave plate and a half-wave plate which can synthesize 
the four specific polarization states. The Lab VIEW front panels ofPDL measurement we 
designed by using the Mueller matrix method are shown in Fig. 4-3. The FBG was 
immersed in a microprocessor-controlled water bath in which the temperature was 
changed from 25 °C to 45 °C. 
Peraonal 
Computer 
II 
GPIB 
FBG 
Tunable Polarization • Power LaMr Controller Meter 
Water Bath 
Figure 4-1: Schematic diagram of PDL measurement system. 
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Figure 4-2: Lab VIEW front panel of the polarization scanning method. 
Figure 4-3: Lab VIEW front panel ofthe Mueller matrix method. 
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4.2.3 Temperature Sensing Application 
Dependent Loss 
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of Polarization 
For the PDL polarization scanning measurement, two transmission spectra of a FBG were 
obtained as show in Fig. 4-4: one corresponds to the maximum transmission power T..nax 
and the other one corresponding to the minimum transmission power Tmin • These two 
signals represent x and y modes or fast and slow axis modes and the PDL can be 
calculated from Eqn. (4-4). The transmission spectrum and the PDL of a FBG for the 
temperature in the range of25 to 45 °C have been measured and shown in Fig. 4-5. There 
are two PDL peaks and one pit in the PDL evolution spectrum. As the temperature 
increased from 25 to 45 °C, the PDL increased from 8.3 to 11.4 dB (inset of Fig. 4-5). 
The results indicate that the maximum PDL increases due to the enhanced birefringence 
as the temperature increases. Thus we can measure the maximum PDL of a FBG and 
reveal the corresponding temperature around the FBG. In addition, the wavelength of the 
first PDL MAX, second PDL MAX, MIN transmission and MAX transmission also 
linearly increase with the increasing temperature because the PDL spectrum and FBG 
transmission spectrum red shifte with the increasing temperature. The temperature 
sensitivities of these parameters are 0.01, 0.0113, 0.0112 and 0.0115 nmrc, respectively 
(Fig. 4-6). 
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Figure 4-5: Experimental results of the transmission and PDL of the FBG obtained from the 
polarization scanning method at 30 °C. Inset: dependence of the maximum PDL on the temperature. 
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Figure 4-6: Bragg wavelengths of the first PDL MAX, second PDL MAX, MIN transmission, 
and MAX transmission as a function of increasing temperature. 
For the Mueller matrix method, the experimental results are shown in Fig. 4-7. The 
corresponding wavelengths of the first and second PDL maximum linearly increase with 
the increasing temperature. The temperature sensitivities of these two Bragg wavelengths 
are 0.0128 nmfC and 0.01 nm/°C, respectively. 
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Figure 4-7: Dependence of the maximum PDL and corresponding wavelength on temperature. 
Given enough scanning time, the polarization scanning method is more practical due 
to its simple scheme. Compared with the polarization scanning method, the Mueller 
matrix method is less time-consuming, which is suitable to perform wavelength 
dependent PDL measurements. 
In order to compare the PDL evolutions observed from experiments, the physical 
parameters of the measured FBG were numerically reconstructed using the mathematical 
model of FBG discussed in section 1-3. Figure 4-8 simulates the numerically 
reconstructed evolutions for a unifonn FBG of which the physical parameters are: 
l = 1 em, A= 528 nm, on =l.Oxl0-4 and ~n =4 x 10-6. A good agreement between 
experimental and simulated evolutions is obtained. 
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4.3 Polarization Characterization of Polarization 
Maintaining Fibre Bragg Gratings 
4.3.1 Polarization Maintaining Fibre Bragg Grating 
A polarization maintaining (PM) optical fibre is an optical fibre in which the polarization 
planes of light waves launched into the fibre are maintained during propagation with little 
or no cross-coupling of optical power between the polarization modes. A typical PM fibre, 
polarization-maintaining and absorption reducing fibre (PANDA), has been used in this 
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Slow axle 
+ 
- · ~ Fast axle 
Figure 4-9: Cross section of a PANDA fibre. 
temperature sensing experiment. Figure 4-9 shows the cross section of a PANDA fibre. 
The core is in the centre of the fibre cross section. There are two stress applying parts 
(SAPs) on either side of the core to induce polarization. The two SAPs and the core 
comprise the slow axis and the orthogonal direction can be considered as the fast axis. 
When a grating is inscribed in a PM fibre, because of the slight difference in the 
effective refractive indices of the two orthogonal polarization modes, there will be two 
reflective peaks at slightly different wavelengths. Their Bragg wavelengths can be written 
as 
(4-1 0) 
(4-11) 
where AF (As) and nF ( n5 ) are the Bragg wavelength and the effective refractive 
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index corresponding to the fast-axis (slow-axis) mode, respectively. A is the period of 
grating. 
4.3.2 Temperature Measurement Using a Polarization 
Maintaining Fibre Bragg Grating 
Figure 4-10 illustrates the setup used to measure the temperature perfonnance using a PM 
FBG. Light from the Er3+ broadband light source was launched into one end of the fibre 
containing the grating via an in-line fibre polarizer and a polarization controller (HP 
11896). The in-line fibre polalizer produced linearly polalized light. The transmission 
spectrum was measured by the optical spectrum analyzer. The PM FBG was placed in the 
water bath where the temperature was precisely controlled. 
PM-FBG 
E .... Broadband H ln-llneftbre 1-- Polarization OSA Light Source polarizer Controller 
Water Bath 
Figure 4-10: Schematic diagram of temperature sensing measurement system using a PM FBG. 
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4.3.3 Temperature Sensitivity of Polarization Maintaining 
Fibre Bragg Grating 
Figure 4-11 gives the transmission spectrum of the PM FBG at room temperature in 
which the left Bragg wavelength corresponds to the fast-axis mode and the right one for 
the slow-axis mode. 
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Figure 4-11: Transmission spectrum of the PM FBG at room temperature. 
The physical parameters of PM FBG have been numerically reconstructed by using 
the mathematical model of FBGs. Figure 4-12 shows the simulation results of the 
transmission spectrum of the PM FBG. A good agreement between the experimental and 
the simulated evolutions is obtained. 
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Figure 4-12: Simulation results of the transmission spectrum of the PM FBG. 
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When the unpolarized light launched into one end of the in-line fibre polarizer, 
linearly polarized light was output from the other end. The state of polarization in fibre 
could be adjusted using the polarization controller to achieve a rotation of 180° with an 
interval of 1.62°. Figure 4-13 shows that the Bragg wavelengths corresponding to the 
fast-axis and slow-axis modes do not shift with the changing state of polarization at 25°C. 
The Bragg wavelengths corresponding to the fast-axis and slow-axis modes are 
1546.102±0.008 run and 1546.476±0.008 nm for all the states ofpolarization during 
the polarization scanning process. However the transmission powers at these two Bragg 
wavelengths fluctuate from -29.09 dBm to -33.35 dBm due to the change of the state of 
polarization. 
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The temperature in the water bath was changed from 25 to 65 °C in steps of 10 °C 
and sufficient time was allowed to ensure that the system reached thennal equilibrium at 
each specific temperature. During the temperature changing process, the change of Bragg 
grating wavelength as a function of increasing temperature is shown in Fig. 4-14. The 
two Bragg wavelengths red-shift linearly with the temperature increased, however, their 
difference decreases (Fig. 4-15). The temperature sensitivities of these two Bragg 
wavelengths, corresponding to the fast-axis mode and the slow-axis mode, are 0.01048 
and 0.00983 nm/°C, respectively. The Bragg wavelength difference between the fast-axis 
mode and the slow-axis mode is decreased by 0.0159 nm. 
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The birefringence B in a PM FBG can be written as 
(4-12) 
Modal birefringence B is also given by [112] 
(4-13) 
where BG is the geometrical component, Bso is the self-stress component, and Bs is 
the outer stress-component. 
In the PANDA fibre the modal birefringence components BG and Bso are zero. 
Bs can be expressed as [112] 
(4-14) 
where 1's is the softening temperature of the optical fibre core (about 690 °C [112]) and 
T is the temperature around the fibre; the other parameters are all constant [112]. 
From Eqns. (4-10), (4-11), (4-12) and (4-14), we obtain 
(4-15) 
In this experiment, the temperature around the fibre was increased from 25 to 65 °C 
which is lower than the softening temperature of the optical fibre core. This process 
caused a decrease in the difference between the environmental temperature and softening 
temperature. Thus the Bragg wavelength difference of the slow-axis and fast-axis modes 
will decrease with the increasing temperature. 
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4.4 Conclusion 
In the first part of this chapter, polarization dependent loss of a single mode uniform FBG 
has been investigated using the polarization scanning method and the Mueller matrix 
method. The birefringence caused by the single-side irradiation of the fibre by an UV 
laser during the grating inscription process leads to PDL in the transmission power. The 
simulation of the transmission spectrum and PDL based on the coupled mode theory and 
Jones formalism shows good agreement with the experimental results. It is demonstrated 
that the maximum PDL and the corresponding wavelength will increase with the increase 
of temperature. The results indicate that PDL measurement is an effective method to 
achieve temperature sensing. 
In the second part of this chapter, the temperature response of a polarization 
maintaining FBG has been investigated. Both of the Bragg wavelengths corresponding to 
the fast-axis and the slow-axis modes red shift with the rising temperature while the 
Bragg wavelength difference of these two modes decreases with the rising temperature. 
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Chapter 5 
Discussion and Conclusion 
5.1 Summary of the Results and Contributions 
Fibre Bragg Gratings have been demonstrated as useful fibre optic devices for a range of 
sensing applications including temperature, strain and other physical quantities. In this 
thesis, the basic properties, mathematical models and sensing applications of FBGs have 
been reviewed. The experimental results indicate that the temperature changes in 
different environmental conditions will result in a linear shift of the Bragg resonant 
wavelength. The polyimide-coated FBG is sensitive to the humidity change while the 
acrylate-coated FBG not. The schemes for simultaneous measurement of temperature and 
saccharinity/salinity have been introduced. It is shown that the axial strain changes will 
result in a linear shift of the Bragg resonant wavelength of the FBGs. Simultaneous 
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measurement of axial strain and temperature has been realized using two polymer-coated 
FBGs. The bending sensing experiment showed that FBG sensor can be used as a shape 
sensor or smart structure sensor. The water flow measurement based on the bending 
sensor indicated that FBG can distinguish both the magnitude and the direction of water 
flow. The polarization characterizations of FBGs have also been investigated. In the 
polarization scanning method and the Mueller matrix method were used to measure the 
PDL of a uniform single mode FBG. The birefringence caused by the single-side 
irradiation of the fibre by an UV laser during the grating inscription process leads to the 
PDL in the transmission power. It is demonstrated that the maximum PDL and the 
corresponding wavelength increase with the increase of temperature. For the temperature 
response of a polarization maintaining FBG, the Bragg wavelengths corresponding to the 
fast-axis and the slow-axis modes red-shift with the rising temperature. The Bragg 
wavelength difference of these two modes decreases with the rising temperature. The 
sensing applications based on the polarization characterization of FBG have been 
successfully demonstrated. 
Part of the results in this thesis has been reported or submitted to the following 
journals and conferences. Several journal submissions are currently in preparation. 
1. Ping Lu and Qiying Chen, "In-situ saccharinity and temperature monitoring with a 
multiplexed fibre Bragg grating sensor system", submitted to IEEE Sensor Journal. 
2. Ping Lu and Qiying Chen, "A fibre optic sensor for simultaneous temperature and 
saccharinity measurement", Advanced Environmental, Chemical, and Biological Sensing 
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Technologies V, Optics East 2007, Sept. 9-12, 2007, Boston, MA, USA. 
3. Qiying Chen, Ping Lu, and Liqiu Men, "Simultaneous temperature and salinity 
monitoring with a fibre optic sensor", Chemical and Biological Sensors for Industrial and 
Environmental Monitoring III, Optics East 2007, Sept. 9-12, 2007, Boston, MA, USA. 
4. Qiying Chen, Ping Lu, and Liqiu Men, "Fibre-optic sensor probing with a 
thermoreversible film", Sensors for Harsh Environments III, Optics East 2007, Sept. 9-12, 
2007, Boston, MA, USA. 
5. Ping Lu and Qiying Chen, "Polarization-dependent loss of fibre Bragg gratings and 
sensing applications", Photonics North 2007, June 3-7, 2007, Ottawa, Ontario, Canada, 
Pro c. SPIE, 2007, in press. 
6. Liqiu Men, Ping Lu, and Qiying Chen, "A fibre-optic temperature sensor with a 
thermo-reversible compound as a transducer", Photonics North 2007, June 3-7, 2007, 
Ottawa, Ontario, Canada, Proc. SPIE, 2007, in press. 
7. Qiying Chen, Ping Lu, and Liqiu Men, "Photosensitivity of optical fibre gratings and 
sensing applications", Optical Components and Materials IV, Photonics West 2007, Jan. 
20-25, 2007, San Jose, California, USA, Proc. SPIE, 2007, 6469, 6469-31. 
5.2 Future Work 
This thesis has studied the sensing applications ofFBGs. Additional work in this field can 
be carried out in the following aspects: 
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1. Further investigation on the dependence of the relative humidity (saccharinity/salinity) 
sensitivity on the polyimide-coating thickness of FBG is needed. Different thickness of 
the polyimide coating may have different diffusion process, which will result in different 
response of the fibre grating. In addition, the equilibrium processes under different 
thickness of the polyimide-coating will also be different. 
2. Simultaneous measurement of multi-direction strain using one single mode FBG can 
be investigated further. In this thesis, only strain along one direction has been studied. 
Further investigation on multi-direction, for example, transverse, and the discrimination 
of strain along different directions will be very important from the point of view of 
practical applications. 
3. Further study of the polarization characterization of different kinds of SM FBG and 
PM FBG is necessary, including quantitatively detennination of polarization dependent 
loss in FBG, discrimination between strain and temperature effect on FBG using 
polarization properties, and polarization mode dispersion in FBGs. 
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